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for the degree of Doctor of Science.

ABSTRACT A/ 43-3 4. 3 74

The preparation of single crystals of p-type ZnSb is described. A horizontal
zone recrystallization method was used with an antimony rich molten zone. Argon
gas was added to the sealed growth ampoule to suppress decomposition during
crystal growth. Copper doping was used to control the hole concentration. Doping
with Al, Se, or In failed to produce n-type ZnSb. Methods are described for
making electrical and thermal contacts to this material.

A reversible increase in the hole concentration of undoped, p-type crystals
was found to occur under annealing at elevated temperatures (60°C to 240°C) in
inert atmospheres. With storage at room temperature, the hole concentration was
found to relax towards the pre-annealing hole concentration. A plausible
explanation is advanced for this phenomenon.

The following measurements were made on carefully oriented, p-type single
crystal samples: thermoelectric power and thermal conductivity at 0°C; Hall
effect and electrical resistivity between 77.3 and 325°K; and magnetoresistance
measurements at 77.3°K.

These measurements indicate a slight (12%) anisotropy in the thermal
conductivity, no anisotropy in the thermoelectric power and no anisotropy in the
Hall effect. Considerable anisotropy was measured in the electrical conductivity.
It was found that o, = 1.5 O -.a.lfob, approximately.

For thermoelectric applications, the highest figure of merit is obtained
with thermal and electrical currents directed along the c-axis of the crystal. _
At 0°C, the maximum thermoelectric figure of merit was found to be 0.74x10‘3(°K)
The thermal conductivity at this doping level was 0.037 watts/cm-°K which is
about twice the value for polycrystalline ZnSb.

1

The experimentally observed results of the galvanomagnetic measurements are
shown to be in excellent agreement with a model for the valence band conduction
processes which assumes that: a single general ellipsoid describes surfaces of
constant energy in reciprocal space and that the relaxation time is either a
scalar function of energy or a tensor of constants with a factorable energy

dependence. 4 4 Aﬂ)"
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CHAPTER 1

LITERATURE SURVEY, SUMMARY OF
PREVIOUSLY DETERMINED PROPERTIES OF ZnSb
AND OUTLINE OF EXPERIMENTAL WORK

1.1 LITERATURE SURVEY

Modern interest in the thermoelectric properties and applications of

zinc antimonide began with the researches of Maria Telkes in 1936.(1)

In
1947, Telkes(z) measured a conversion efficiency of 5.6% for a zinc antimonide
versus constantan thermoelectric power generator that operated between 400°C
and 0°C. Telkes(s), in 1954, reported efficiencies versus operating temperature
differential for couples of ZnSb versus constantan and ZnSb versus a bismuth-
tin alloy. Her zinc antimonide elements were prepared by the vacuum melting
of stoichiometric charges and vacuum casting. Small amounts of tin, silver,
and bismuth were added to lower the electrical resistivity and decrease the
brittleness of the alloy. It was found necessary to anneal the alloy since
the thermoelectric power and electrical resistivity of the cast samples were
variable when the couples were operated at elevated temperatures. The anneal-
ing was carried out at a temperature of 480°C for 24 hours. In 1955(4),
Telkes summarized her work and noted that these alloys are stable up to 450°C
when properly annealed. Various combinations of additives yielded thermoelectric
powers of 200 to 300 w/°C, electrical resistivities on the order of 2 x 10_3
ohm-cm, and thermal conductivities of about 0.014 watt/cm - °C.

In Germany, Justi and his co-workers have been looking into the thermo-
electric properties of homogeneous, polycrystalline ZnSb and alloys of ZnSb

and CdSb, i.e., (anCd Sb). 1In 1960, Justi(s) reported that the thermo-

1-x

electric power of polycrystalline ZnSb can be represented by:

a = 629 - 200 1°g10 o




where a is the thermoelectric power in WV/°K and o is the electrical conductivity
in (ohrxr-cent;i.meters).—1 Justi also concludes that Cu is the best acceptor
impurity. He was not able to prepare n-type ZnSb. Justi also presents the
results of his measurements of the temperature dependence of the thermoelectric
power between 4.2 °K and 350 °K.

(6,7)

In 1961, Justi and his co-workers reported measurements of thermo-
electric power, electrical conductivity, Hall coefficient, thermal conductivity
and Nernst-Ettingshausen coefficient on homogeneous, polycrystalline ZnSb at
temperatures between 4.2 and 300°K. They did not interpret their results in
terms of a model for the transport processes in ZnSb.

Justi and Newman describe their work on polycrystalline anCdl—be in a
U.S. patent which was granted in 1962(8). They found that their samples had
to be annealed at 460-500°C in order to avoid the high temperature
instabilities that were also reported by Telkes.

Recently, Justi, Rasch and Schneider<9)

have reported on the preparation
and transport properties of single crystals of ZnSb. The crystals were grown
by the seeded, horizontal zone recrystallization process that was used by

Kot and Kretsu(ls) (22)

and Eisner, Mazelsky and Tiller. Results are presented
for the thermoelectric power as a function of electrical conductivity and for
the Hall effect, electrical conductivity, and transverse magnetoresistance as
functions of temperature between room temperature and 1.9 °K. Evidence of
impurity band conduction in undoped crystals below about 25 °K is noted.
Copper was used as an acceptor impurity. Ga and Te were used as donor
impurities in unsuccessful attempts to produce n-type ZnSb. It was found that

the azo product for ZnSb single crystals was significantly greater than that

of polycrystalline ZnSb. However, the thermal conductivity of the single




crystalline material was also increased to about twice the value for poly-
crystalline ZnSb.

Unfortunately, this work makes no mention of the crystallographic
orientation of the measurement samples. Thus, the anisotropies of the electrical
and thermal properties were not determined. A knowledge of these anisotropies
is needed in order to infer the nature of the energy band structure of ZnSb
as well as to completely determine the potential of this material for thermo-

electric energy conversion applications.

In 1962, Hruby and Kasper(lo) reported the use of a HF, HZOZ and glycerol
etch to both polish and decorate ZnSb and CdSb surfaces. A year later,
Hruby(ll) and co-workers described the Czochralski growth of ZnSb single

crystals. Pulling speeds varied between 6 to 15 mm/hour. Room temperature
electrical conductivities on the order of 1.5 (Q—cuﬂ-l, Hall mobilities on the
order of 300 cm2/volt-sec and hole densities on the order of 3 x 1016 cm_3

were reported.

Pilat and his co-workers in Russia have tried to find thermoelectrically

Sb(12,13)

optimum zinc and cadmium concentrations for anCdl__x .

They worked
with vacuum cast polycrystalline samples. It was found that the apparent
thermal activation energy, thermoelectric power, Hall coefficient, and thermal
conductivity exhibited a relative maximum and electrical conductivity an
absolute minimum when the molecular composition of their alloy was 50% CdSb
and 507 ZnSb. Most measurements were carried out at 130°C. The authors
suggest that near the 1:1 composition, a chemical compound ZnCdSb2 is formed.
(14)

did not observe ZnCdSb, in their work on the

However, Miksovsky et al., 2

growth of single crystals of anCdl_be.

Several Russian and American workers have reported their work with single




crystals of ZnSb. In general, available reports briefly describe the crystal
growing process and give the results of simple measurements of thermoelectric
power, Hall coefficient and electrical conductivity versus temperature. In

1958 Kot and Kretsu(ls)

obtained single crystals for seed purposes by the
Bridgeman method. Small pieces of these crystals with a definite orientation
were then used as seeds for growing larger single crystals by a horizontal
zone melting method in evacuated Pyrex test tubes. Two planes of easy
cleavage were observed but not identified crystallographically. The Hall co-
efficient, electrical conductivity and thermoelectric power were measured over
100 to 500 °K in two directions normal to each of the plans of easy cleavage
and in a third direction that was perpendicular to these two. As was expected
(the unit cell of ZnSb is orthorhombic), the above measured electrical
parameters were anisotropic. It was found that annealing the crystals above
200°C affected the transport parameters. For example, after annealing for

20 hours at 250°C the electrical conductivity of a sample increased 2-3 times
but the electrical conductivity slowly decreased with time when the crystals
were kept at room temperature. In general, these workers observed that their
crystals were p-type with a carrier concentration of about 1016cﬁ-3, and had
an energy gap of about 0.6 ev which was deduced from the temperature dependence

of the Hall coefficient. Their crystals exhibited the onset of intrimnsic

conduction at 340°K, and exhibited the following conductivities:

o = 3.8, ¢

11 5 = 4.6, .., = 2.8

2 33

(ohnhcentimeters)-l. At 350°K, the following thermoelectric powers were

observed: before annealing, 770, a,, = 790, o

22
= [
3 440 V/°K.

aq = = 740 uV/°K after

= 510, a

33

annealing, a 1 = 470, o

1 22 3




Since the absolute crystallographic orientations of the samples were
unknown, the apparent anisotropies in the above quantities cannot be related
to definite principal axes in ZnSb.

American workers mainly have approached the investigation of ZnSb from
the point of view of its being just one member of a class of group II-V semi-
conductors. Hence, an undivided effort has not been put into the investigation
of the transport properties of ZnSb.

(16)

In 1960, Stevenson reported the results of cyclotron resonance

experiments on p-type ZnSb with a hole concentration of 4 x 1018 cm.3. He
observed a single resonance due to carriers of undentified sign of charge.

His data was consistent with a single extremum energy band model with an

almost spherical energy band. He observed similar results in CdSb. The single
crystals used by Stevenson were pulled from a melt.

(17)

In the same year, Turner, et al., reported some of the physical
properties of several II-V semiconductors (Zn3Asz, ZnAsZ, ZnSb, Cd3Asz, CdAs2
and CdSb). Zinc antimonide single crystals were pulled from melts containing
29-317% zinc by weight. The resulting single crystals were p~type with a
carrier concentration of about 4 x 1018 cm—3. The room temperature Hall
mobility was 10 cmzlvolt-sec. The energy gap was estimated to be 0.53 ev
from optical absorption data. In a second paper(ls) (1961), these authors
further summarize the electrical and optical properties of II-V compounds.

In 1961, Silvey et al.(lg) described the pulling of single crystals of
the II-V compounds. They observed that ZnSb forms peritectically at 546°C.
Single crystals were pulled from Zn-Sb melts containing 29-317 Zn by weight.

Since the II-V compounds which were grown exhibited thermal dissociation,

crystal pulling was carried out in sealed quartz tubes under a pressure of the



more volatile dissociation product.

(20)

Hirayama has investigated the thermal decomposition of ZnSb. Zinc was

found to be the volatile species. A heat of formation for ZnSb of:

AH® = - 3.55 + 1 kcal/mole
is obtained from his data on the heat of dissociation.

(21)

Hansen presents the phase diagram for the zinc-antimony binary system.

Eisner et al.(zz)

described a zone recrystallization technique which
they used to grow single crystals of ZnSb which were described as being of
"good quality'". Single crystals almost 4 inches long were grown in sealed
vycor tubes by moving a molten antimony-rich zone along a charge of stoich-
iometric composition headed by a single crystal of ZnSb. The crystals were
quite brittle, cleaving readily along the (100) plane, occasionally along the
(010) plane and rarely along the (00l) plane. Simple electrical measurements
on a single crystal in a direction perpendicular to <100>, at 23° to <010>
and 67° to <001> yielded a thermoelectric power that increased monotonically
from 420 1/°K at -200°C to 570 w/°K at + 50°C. Intrinsic conduction
became dominant at 10°C. Hall measurements indicated a p-type carrier con-
centration of about 1016 cm—3 and an energy band gap of 0.49 ev. In the
extrinsic range, the Hall constant was about 200 cm3/coulomb and the room
temperature mobility was about 500 cm2/volt-sec and increasing to 2000 cm2/
volt-sec at 100°K.

In 1964, Zavetova(23)

published a short note describing the results of
room temperature optical transmission experiments on thin a, b and ¢ plane
samples of ZnSb. The crystals were prepared by the Czochralski technique
and had a hole density of about 3 x 1017 cm-3. A room temperature optical

energy gap of 0.480 ev was obtained. This value was independent of the
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plane of polarization of the light. Some evidence for an indirect energy gap

was obtained.

(24)

Also in 1964, Komiya, Masumoto and Fan published the results of more

complete optical ahsorption studies on ZnSE. Brief data on the temperature
dependence (77 to 340°K) and anisotropy of the Hall mobilities (uc>ua>ub)

was included. Absorption edge energy threshclds of 0.50 (300°K), 0.59 (77°K)
and 0.61 (4.2°K) were obtained independent of polarization. Evidence for an

indirect energy gap was noted. The crystals were prepared by pulling from

the melt. The apparent hole concentrations were on the order of 1016 cm-3.

(25)

In 1964, Carter and Mazelsky published the results of an investig-

ation into the crystallographic structure and chemical bonding of ZnSb.

(26) (27)

Their work supersedes that of Almin and Toman . In addition to

refining the previously determined crystal structure, these workers

theoretically infer that ZnSb is an electron transfer compound with Zn-l

+
having a valence of three and Sb L having a valence of four. This inter-

pretation of the valence scheme is in agreement with the observations of

Ugai(zg).

(

In 1962, Frost et al. 29) briefly presented observations on the effects

of nuclear reactor irradiation on the electrical properties of ZnSb. The

damage incurred was principally due to fast neutrons.

(30)

Khartsiev has applied group theory to the ZnSb and CdSb crystal

structure and has obtained qualitative predictions of the symmetry structure

(31)

of the energy bands. Frei and Velitski have criticized some of the

analogies that Khartsiev drew in his work.




1.2 ZnSb - A SUMMARY OF PREVIOUSLY ESTABLISHED PHYSICAL PROPERTIES

Table 1.1 presents a summary of the previously established physical
properties of zinc antimonide. Much of the early work was primarily concerned
with crystal growth. Only a few measurements of electrical transport properties
were made to characterize the single crystals. The 1960 work of Kot and

(15)

Kretsu does give some information on anisotropies in the Hall effect,
electrical conductivity and thermoelectric power. However, the absolute
orientation of the crystals was not established. The more recent work of

Justi, Rasch and Schneider(g)

, presents results on measurements of electrical
conductivity, Hall effect, magnetoresistance, and thermoelectric power for

a number of acceptor doping levels and a temperature range of 1.9°K to

room temperature. A measured value for the room temperature thermal
conductivity is also included. However, all of this work was done on
apparently unoriented single crystal samples since no mention is made of

(24) deals

anisotropies. The recent work of Komiya, Masumoto and Fan
mainly with optical absorption measurements in ZnSb. A determination of
the anisotropy of the Hall mobility in the temperature range of 77 to
350°K was published in this paper.

1.3 OUTLINE OF EXPERIMENTAL WORK

The preceding literature survey and summary indicates that the results
of a number of basic transport measurements are needed before zinc antimonide
can be characterized in fundamental terms. In particular, a determination
of the anisotropies in the electrical conductivity, Hall effect, thermo-
electric power and magnetoresistance effects is needed to infer details of
the energy band structure. A determination of the anisotropy of the thermal

conductivity is needed to completely evaluate the thermoelectric applications
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potential of ZnSb single crystals.
To obtain these goals, the following body of experimental work was
completed.

1.3.1 Materials Preparation

1.3.1.1 Single crystal growth

When this investigation began, in the Spring of 1963, zinc antimonide
single crystals that were prepared by the horizontal zone recrystallization
technique had significantly greater Hall mobilities than Czochralski grown
material. Hence, the horizontal zone recrystallization technique was used
to prepare large single crystals of ZnSb.

1.3.1.2 Control of carrier concentration

Zinc antimonide is p-type as grown. Silver, gold and copper are

(32)

effective p-type doping agents. There 1s some evidence that copper
has the greatest solubility limit of the three in ZnSb. Hence, copper
was used to control the hole concentration in ZnSb. Unsuccessful attempts
were made to produce n-type ZnSb. Aluminum, selenium and indium were used

as chemical dopants.

1.3.2 Investigation of Thermal Instabilities

It has been reported that the electronic transport properties of ZnSb
change with time at temperatures that generally lie above 100 to 200°cC.
In order to apparently eliminate these changes, it is known that it is
necessary to anneal ZnSb thermoelements at temperatures above the desired
operating temperature. This instability appears both in polycrystalline
and single crystal material. This instability has been recorded through
annealing experiments on the single crystals that have been used in this

investigation. A reasonable model has been advanced which qualitatively
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accounts for the observed behavior.

1.3.3 Transport Measurements

The following measurements have been made on carefully oriented single
crystal specimens of ZnSb. The degree of anisotropy was determined for each
quantity.

1.3.3.1 Electrical conductivity

This was measured over the temperature range of 77 to 320°K on p-type

crystals with several hole concentration levels that ranged from 2 x 1016

up to 1 x 1019 cm—3.

1.3.3.2 Hall effect

This was measured under the same conditions as those outlined above
for the electrical conductivity. The magnetic field dependence of the Hall
effect was observed.

1.3.3.3 Magnetoresistance

This was extensively measured at 77°K (liquid nitrogen) on a lightly
doped copper crystal (p = 4 x 1017 cn;3). Some measurements were also
made on undoped p-type single crystals. The magnetic field dependence of

the magnetoresistance was observed.

1.3.3.4 Thermoelectric power

This was measured on p-type single crystals which had a variety of
doping levels. Measurements were made at 0°C.

1.3.3.5 Thermal conductivity

This was measured on p-type single crystals which had a variety of

doping levels. Measurements were made at 0°C.
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1.4 THEORETICAL DEVELOPMENTS

Appendix 1 deals with macroscopic symmetry considerations in the D2h
point group. The zero elements of the phenomenological transport tensors

are derived from crystal symmetry considerations. Elements up through those

of 4th order in the magnetic field strength are considered.

Appendix 2 presents a theoretical derivation of the electronic transport
coefficients of an energy band extremum that has the shape of a general
ellipsoid. This derivation proceeds from a solution of the Boltzmann equation
in the relaxation time approximation. The tensor relaxation time is assumed
to have the same symmetry as the energy band extremum. The limit of low
magnetic fields is assumed. Fermi-Dirac statistics are assumed. Analytical
expressions are presented for the thermoelectric power, the electronic (hole)
contribution to the thermal conductivity, the Lorentz numbers, the zero magnetic

field electrical resistivity, the Hall coefficients and the magnetoresistance

coefficients.
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CHAPTER 2
SINGLE CRYSTAL AND MEASUREMENT SAMPLE PREPARATION

2.1 INTRODUCTION

(1)

ZnSb forms by a peritectic reaction from a stoichiometric melt . Hence,

it is difficult, if not impossible, to prepare large single crystals by the usual

(1)

crystal growing techniques. The binary phase diagram indicates that single

crystals should be grown from an antimony-rich melt which has its liquidus
temperature between the peritectic temperature, 546°C, and the eutectic temperature,

505°C.
(2)

Kot and Kretsu were the first to grow large single crystals of ZnSb.

They used a horizontal zone recrystallization technique with an antimony rich

(3)

molten zone. Eisner, Mazelsky and Tiller independently used the same

technique to produce large single crystals. Justi et al. have recently reported

the growth of large ZnSb single crystals by this technique(A).

Another way to produce large ZnSb single crystals is to pull them
(5)

(Czochralski technique) from an antimony rich melt. Turner et al.

(6) (7)

, Hruby

et al. and Komiya et al. have produced large single crystals of ZnSb by
the Czochralski technique.

At the time that this work was begun (Spring 1963), the horizontal zone
recrystallization grown crystals had significantly higher Hall mobilities than
the Czochralski grown material. Hence, the horizontal zone recrystallization
technique was used to prepare the single crystals which were used in this
investigation.

This chapter describes the preparation, doping, growth, etching, and
mechanical cutting of ZnSb single crystals. Methods for making electrical

and thermal contacts to this material are also discussed.
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2.2 EXPERIMENTS WITH THE BRIDGMAN CRYSTAL GROWTH TECHNIQUE
(8)

Crystal growth was attempted in a Bridgman furnace with the intent of
producing ZnSb seed crystals. These seed crystals were to be used to nucleate
melts in a horizontal zone recrystallization growth process. The peritectic

horizontal(l)

on the Zn-Sb phase diagram was avoided by the use of antimony
rich melts that had zinc concentrations that varied from 44 to 46.3 atomic per
cent.

€))

The melts were prepared from 99.9997 pure antimony and zinc in a manner
that paratlels the method described in Section 2.3.1. The constituent elements
were inserted into a 11 x 13 mm vycor tube which was then evacuated to about

5 x 10-6 Torr. at room temperature and sealed off. The vycor tube was not
carbonized. The ampoule was then placed in a rocking furnace (T* 650°C) and

the contents reacted and mixed for 5 hours. The ampoule was water quenched

and then placed into the Bridgman furnace for crystal growth.

The various growth ampoules were lowered through a temperature gradient
of 50°C/inch at speeds that varied (between ampoules) from 0.10 to 0.033
inch/hour. The ingots were typically 4 to 6" long. The following observations
are made on the basis of 7 samples that were successfully prepared in this
manner.

No large single crystal regions were obtained. The maximum size of the
single crystal regions was on the order of 1 x 0.3 x 0.3 cm. Freezing tended
to take place from the walls of the vycor ampoule inwards. This was evidenced
by the formation of relatively large single crystal formations at the surface
of an ingot while the core portion was made up of many small crystals. The

;(10)

ingots were badly cracked. Etching with water diluted CP- and a micro-

scopic examination of these cracks showed that many of them contained a thin
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sheet of a substance which had the same etching characteristics as the eutectic
alloy of antimony and zinc (33 At.% Zn content). This etchant colors ZnSb
black and leaves a clean surface on the eutectic alloy.

The above observations are compatible with, but do not necessarily prove,
the following remarks. Evidently, the single crystal regions were limited in
size because of incomplete mixing conditions in the melt. The enchancement
of the concentration of antimony at the freezing interface (or interfaces) led
to the premature formation of the eutectic alloy. This limited the size of
the single crystal regions. Furthermore, this situation is aggrevated as
more of the melt freezes, since the melt becomes richer in antimony as ZnSb is
formed. Also, it is felt that many of the ingot cracks were caused by
mechanical stresses that were developed by the anisotropic thermal expansion
characteristics of the individual single crystal regions.

Attempts at the Bridgman growth of large ZnSb single crystals were
abandoned when it was found that larger single crystal regions could be obtained
with unseeded melts in the horizontal zone recrystallization furnace. No
significant physical measurements were made on the Bridgman grown crystals.

2.3 GROWTH OF LARGE SINGLE CRYSTALS WITH A HORIZONTAL ZONE FURNACE

2.3.1 Raw Materials and Preparation of the Various Components of the
Crystal Growth Charge

ASARCO(Q) 99.999+% zinc rods and 99.9997 antimony cast bars were used as
starting materials. Quantitative analyses supplied by the producer indicated
that copper and arsenic were the principle impurities in the antimony and
copper and cadmium in the zinc. These materials were used without any further
attempts at purification.

All materials were stored in an evacuated (~ SO to 100u) dessicator

until needed for use. High purity, TransistAR grade(ll), reagents were used
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for all chemical treatments. TransistAR grade hydrochloric, nitric and acetic
acids as well as acetone and methyl alcohol were available. Distilled and
demineralized water was used when appropriate.

Materials were weighed to 0.1 mg. accuracy on a Mettler Model B-5
electronic balance.

Zinc was prepared for use by etching away several millimeters of the sur-
face with hydrochloric acid. The resulting zinc slug was then rinsed 6 times
in room temperature water. The zinc slug was then dried on filter paper in air in
an 80°C furnace for about 30 seconds. The zinc slug was then weighed. The
desired amount of antimony was calculated from the following formulas:

A. Stoichiometric charges (50 At.Z% Zn-50 At.Z% Sb)
(Weight Sb) = 1.8622 (Weight Zn)
B. Zone leveling charge
(Approx. 39.9 At.7 Zn-60.1 At.Z Sb)
(Weight Sb) = 2.8 (Weight Zn)
The antimony was broken up in a mortar with a stainless steel chisel. Large
pieces of antimony which had freshly cleaved faces were used to make up the
desired weight of antimony.

General Electric Co. type 204 clear fused quartz tubing was used to process
the alloys as well as to make containment ampoules for final crystal growth.
13 x 15 mm dia. tubing was used to contain the alloys. After glass working,
the quartz tubes were etched for 10 minutes with hydroflouric acid and water
and then soaked in nitric acid for 1/2 hour. After several water and methyl
alcohol rinses, the tubes were outgassed at 750 to 900°C for 18 to 36 hours
under vacuum. Ultimate pressures were less than 1 x 10—6 Torr. The vacuum

processing equipment is shown in Figure 2.1.
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After the proper amounts of antimony and zinc had been inserted and the
tube evacuated, an outgas furnace was used to bake the tube and its contents
at 125 to 175°C until the residual pressure dropped below 1 x 10—5 Torr. (usually
1 to 4 hours). O0il free helium was then admitted to the system and the quartz
tube was constricted under one atmosphere pressure of helium. The alloy ampoule
was then reevacuated and baked again as outlined above. The alloy ampoule was
sealed off at a room temperature residual pressure which was less than
5 x 10-'6 Torr.

The alloy (50-50 or 60-40) was then reacted in a rocking furnace for 4 to
6 hours at temperatures between 675 and 725°C. The molten alloy was water
quenched. The ampoule was held horizontally for this operation. This gave
long, thin bars which were of about the same cross section as the final crystal.
The alloys showed no tendency to stick to the walls of the quartz ampoule.

2.3.2 Assembly of the Crystal Growth Charge

In the process of this investigation, 120 alloy charges were made up.
The number of crystals grown was 80. The details involved in processing the
several components of the crystal growth charge can be grouped roughly into
two divisions: !
A. Chemically etched components
B. Mechanically abraded components
All of the crystals upon which significant experimental data was obtained fall
into the latter category. However, in order to clarify the decomposition
problem -~ discussed in Section 2.3.5 - both types of surface treatments
will be described.
Before continuing, it is of interest to note the geometry of the single

crystal growth charge. This is shown in Figure 2.2. In essence the growth
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charge contains three components: a bulk stoichiometric charge, a zone level-
ing charge and a seed crystal.

2.3.2.1 Chemically etched component surfaces

When preparing the growth charge for the earliest horizontal zone grown
crystals, the surface of one, or more, of the three charge components was
etched with:

1 part HC1 (36%)

1 part HNO, (70%)

3

1l to 8 parts CH,COO0H (glacial)

3
Rinse in HC1 (36%) (1 second)
Rinse in distilled water.
All at room temperature.

A certain amount of success was obtained in growing a few large, mechanically
sound ZnSb crystals. However, the above etch was not satisfactory in that it
often formed grey films over all or part of the surface of the seed or an
alloy charge. Quite often these films were not noticed until crystal growth had
started. The appearance of these films was almost completely eliminated by
substituting a room temperature rinse in:

10 parts HBF4 (50%)

1 part H 02 (30%) rinse for 1 second

2
for the HC1l rinse. However, when this was done, serious decomposition problems
set in during the growth run. This decomposition was suppressed by adding an
atmosphere of argon to the growth ampoule before sealing it. This point is

discussed further in Section 2.3.5.

2.3.2.2 Mechanically abraded component surfaces

Consistently clean melts were obtained when the component surfaces were
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cleaned, when necessary, by:

1. Rinsing in TransistAR purity grade acetone (bath 1).

2. Sandblasting all surfaces(16).

3. Soaking in acetone (bath 2).

4. Ultrasonically agitating the crystal or alloy slugs in acetone

(bath 3).

5. Soaking in acetone (bath 4).

6. Drying on filter paper in a clean room.
Quite often, the water quenched alloy slugs were found to have very shiny and
clean surfaces when the carefully degreased (with trichloroethylene) quartz
ampoules were broken open in a clean room. In these cases, the alloy slugs
were used as is - with no further surface treatment. Single crystal components,
such as the seed crystal or a single crystalline bulk '"50-50" charge (when

used), had to be surface treated as just outlined.

2.3.2.3 Preparation of the quartz growth ampoule

General Electric Co. type 204 clear fused quartz tubing (15 x 18 mm) was
used to make the crystal growth ampoules. After the chemical cleaning of the
worked quartz, the inside of the tube was rinsed with acetone. This acetone
was decomposed in an oxygen deficient atmosphere by heating the inverted tube
with a consumer gas - oxygen blowpipe flame. The pyrolytically decomposed
carbon surface film was then rinsed with more acetone while it was still hot.
This was repeated three times. The carbonized quartz tube was then outgassed -
under vacuum - at 750 to 900°C for 18 to 36 hours. Ultimate pressures were
less than 1 x 10“6 Torr.

2.3.2.4 Assembly and vacuum processing

The properly surface treated (Section 2.3.2.2) components of the crystal
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growth charge were inserted into the outgassed, carbonized quartz tube in a

clean room. The sample tube was then sealed back on to the vacuum system. The
elapsed time of exposure to the atmosphere was 2 to 5 minutes for each component
of the charge. The growth charge was outgassed, helium constricted, and outgassed
again in the manner described in Section 2.3.1. After the final outgas cycle,
argon(lz) was flushed into the vacuum system and the growth ampoule was sealed

off with an internal atmosphere of argon. The liquid nitrogen was removed from
the two main vacuum system cold traps after the first argon was introduced into
vacuum system. The argon was then flushed through the liquid nitrogen cold traps

towards the pumps for 2 to 5 minutes. Figure 2.2 shows the growth ampoule.

2.3.3 Description of the Horizontal Zone Recrystallization Furnace

A sketch of the basic features of the horizontal zone recrystallization
furnace is shown as Figure 2.3. The zone structure, itself consisted of a single
turn of 1/2" wide Kanthal ribbon. This was encased in a firebrick and transite
holder that cleared the ambient furnace tube by about one mm. The zone tem-
perature control thermocouple was chromel - alumel and was inserted into a small
diameter hole through the firebrick zone structure. It was cemented in place
with the thermocouple bead viewing the back side of the Kanthal ribbon. A

(13)

Minneapolis-Honeywell Pyrovane controller was used to stablize the zone
temperature. The a.c. output of a constant voltage transformer powdered the
zone structure through a suitable impedance matching transformer. The estimated
stability of the zone temperature control is + 2°C.

A chromel - alumel thermocouple was also used to control the temperature of
the ambient heater. It was cemented to the inside surface of the vycor ambient

(14)

heater tube. A Minneapolis-Honeywell Electrovolt controller was used to

stablize the ambient temperature. It was used in conjunction with a magnetic
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amplifier and saturable core reactor. The short term temperature stability of the
anbient is estimated to be + 1°C and the long term stability as + 2°C,

The entire furnace was placed in a blocked-off fume hood to protect it
from drafts. A d.c. motor drove a 20 threads/inch lead screw through a 1:6000
gear reduction to move the zone structure. A nominal growth rate of 0.030"/hr
was used to produce the single crystals. This corresponds to a motor speed of
60 r.p.m. The motor was mounted independently of the zone furnace and fume hood.
It drove the gear train through a nylon shaft and flexible couplings.

The temperature profile of the zone structure was determined by running a
dummy sample through it. This sample was identical to a crystal sample except
that aluminum oxide cement took the place of the zinc antimonide. Thermocouples
were imbedded in the cement. By a measurement of this sort, the temperature
gradient at the freezing interface is estimated to be about 75 to 100°C/inch and the
maximum zone temperature about 580°C. The temperature gradient was measured
for an ambient temperature of 415°C.

2.3.4 Single Crystal Growth Conditions

The use of an ambient heater with the zone furnace serves two purposes:
1. It helps to suppress crystal decomposition by keeping the residual
vapor pressure of the volatile component (zinc) high.
2. In conjunction with the slow growth rate, the high ambient temperature
subjects the as grown crystal to an annealing cycle. This tends to
relieve strains and homogenize the distribution of impurities.

In summary, the crystal growth conditions were:
A, Argon atmosphere (14.7 p.s.i. at room temperature). Carbonized
quartz ampoule walls.

B. Ambient heater temperature:410 to 425°C-varying with the crystal.
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C. Maximum zone temperature of about 580°C.

D. Crystal growth speed: 0.030 inch/hour.

E. Total zone travel of, typically, 15 em in 200 hours.

To avoid thermal shock damage to the large single crystals, the zone
furance was slowly cycled up to operating temperature before growth and
back down to room temperature in the same manner (400°C were covered in
2 hours). This was accomplished by increasing or decreasing the a.c. input
power with Variacs. This was done manually.

2.3.5 Decomposition During Growth and its Suppression

As the etching procedures (refer to Sections 2.3.2.1 and 2.3.2.2) were
improved, a persistent and serious decomposition set in during crystal growth.
This was especially noticed when alloy slugs were used without chemically
etching their surfaces. This decomposition was evidenced by the condensation
of considerable quantities of material on the cooler regions of the wall of
the crystal growth ampoule. The recrystallized portion of the ingot would
sometimes become severly warped and would actually curl up against the top of
the growth ampoule. The resulting ingots were very polycrystalline, had poor
mechanical strength, and had thermally etched surfaces. On the order of a
gram of distillate (of a nominal total charge weight of 30 to 60 g.) condensed
in the form of hundreds of small (0.1 to 2 mm dia.) droplets, which were fairly
evenly distributed over the ampoule walls.

This extreme degree of decomposition was observed on seven crystal growth
runs. Ambient temperatures were varied from 460 to 490°C in an attempt to
stop this decomposition. The maximum zone temperature was on the order of
560 to 580°C. The nominal zinc content of the molten zone was varied between

40 to 46 At.Z. Although all possible variations of these parameters were not
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tried, the decomposition showed no sign of abating.

A quantitative (+ 1%) wet chemical analysis of samples of distillate
from four decomposed crystals indicated the presence of both zinc and antimony
with an average composition of 37 wt.% Zn and 63 wt.Z Sb. This is a few
percent to the zinc rich side of the ZnSb composition (34.9 wt.% Zn - 65.1 wt.Z
Sb).

It was found that this decomposition could be suppressed by backfilling
the crystal growth ampoule with nitrogen or argon, at standard temperature and
pressure, before sealing the ampoule from the vacuum system. Incandescent

(12) was used in preparing all of the crystals on which sign-

lamp grade argon
ificant experimental data was obtained.

2.3.6 Preliminary Survey of Crystal Properties

The crystals described here were produced under the conditions outlined
in Section 2.3.4. The horizontal zone recrystallized crystal ingots had a
half-round cross section. They were typically 7 mm high, 13 mm wide and 10
to 15 cm long. The typical single crystal weighed 40 to 60 grams.

The crystal ingots had a good mechanical appearance. They were free of
mechanical voids or inclusions. The free surface (during growth) of the crystal
ingots occasionally displayed randomly scattered, scale~like patches. These
occurred with a density of 2 to 20 per cmz, were 0.1 to 1 mm in dia., had a
convex cross section and typically extended 0.05 to 0.10 mm into the crystal.
It is not known whether these patches are collections of decomposition products
or collections oxidation products. Laue back reflection x-ray photographs
of the single crystal region next to a mottled surface did not reveal any
straining or low angle grain boundary formation which might be caused by these

patches.
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The crystal growth axis was within several degrees of the <001> direction
for some of the crystals used in the thermal measurements. The majority of
the crystals used for galvanomagnetic and thermal experiments were grown in
the <316> direction.

All crystals were oriented with Laue back reflection x-ray photographs.
The crystal axes are identified as follows:(ls)

<100> = a =1 = 6.20A

<010> = b

2 = 7.74A

-]
<001> = ¢ 3 = 8.10A

Low angle grain boundaries - on the order of 0.1° - could be visually

(16)

detected on a sandblasted crystal surface. Their presence was confirmed
with the back reflection x-ray camera. Crystals grown in uncarbonized quartz
ampoules had a definite tendency to form low angle grain boundaries. Three

to ten would typically occur in an ingot. The frequency of occurrance of

these low angle grain boundaries was greatly reduced by carbonizing the ampoule
walls. The low angle grain boundaries tended to line up parallel to the c-~
axis of the crystal.

The fact that ZnSb was actually being produced was confirmed with a Debye-
Scherrer powder camera x~ray photograph and by a quantitative wet chemical
analysis (+ 1%) of two different crystals.

After sandblasting all surfaces, longitudinal profiles of electrical
resistivity and thermoelectric power were taken with a four point probe and

a hot probe. The resistivity and thermoelectric power was usually uniform

to within at least + 5% over the first 50 to 75% of the length of the ingot.



2.3.7 Degree of Crystal Perfection

Photomicrographs of etched surfaces and Laue back reflection x-ray photo-
graphs can be used to estimate the degree of perfection of a crystal surface.
Illustrations of two relative extremes will be presented here.

The first set of illustrations, Figures 2.4, 2.5 and 2.6, were taken
approximately on a (001) plane of crystal C-1061-A. This crystal was grown
in an uncarbonized quartz ampoule. The crystal wafer was carefully final-
polished with Linde B powder. It was etched, at room temperature for one
minute, in 1 part HCl (36%), 1 part HNO3 (70%), 8 parts CH3C00H (glacial);
rinsed in 10 parts HBF4 (50%) and 1 part H202 (30%) for 1 second and then
rinsed in water. The nature of the etch pit patterns did not change with
repeated repolishing and re-etching. It is assumed that each individual
etch pit corresponds to one edge dislocation in the bulk of the crystal.

The photomicrographs, Figures 2.4 and 2.5, show how the dislocations tend

to lie in the (100) and (010) planes of the crystal. Some of the linear
dislocation arrays contain such a large number of dislocations, that they
seem to form low angle grain boundaries. The Laue back reflection photograph,
Figure 2.6, indicates that this crystal is actually a mosaic structure, made
up of small single crystals regions. The fine structure pattern of the
individual x-ray reflection spots indicates this. It should be noted that this
severe degree of mosaic structure was not typical of all of the crystals
which were grown in uncarbonized quartz ampoules. Some crystals had regions
with much cleaner back reflection x-ray photographs. No physical measure-
ments were made on crystal C-1061-A. Crystal C-1061-A was not doped.

Figures 2.7 and 2.8 present similarly observed results for the undoped

crystal which was used in galvanomagnetic and thermal measurements, C-1081-C.
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This crystal was grown in the <316> direction in a carbonized quartz ampoule.
It is seen that the density of dislocations has been reduced. The etch pits
are randomly scattered. The back reflection x-ray photograph has well defined
reflections. This photograph was taken on a camera which had a beam collimator
which was half the diameter of that of the camera used to obtain Figure 2.6.
The etch pits shown in Figure 2.7 differ from the preceding in that they are
approximately rhombohedral in shape. This is becasue this surface was etched

differently from the preceding. An etch recommended by Hruby(17)

was used.

It consisted of 8 parts glycerol, 6 parts HZOZ (30%) and 3 parts HF (48%).

It was used at room temperature. The crystal was etched for about 1 minute
and rinsed in room temperature water. Similar etch pit figures (and comparible
etch pit densities) were observed on crystal C-1078-C (pn 4 x 1017 copper doped)
and C-1115-A (pr1l x 1019 copper doped). Etch pit densities and distributions
similar to that illustrated by Figure 2.7, were also obtained when the above

described aqus regia etch was used.

2.4 CONTROL OF ELECTRICAL CARRIER CONCENTRATION

Undoped crystals were p-type as grown. Hole concentrations were on the

order of 2 x 1016 cm—3.

2.4.1 Acceptor Dopant

Copper was used as an acceptor dopant. The dopant was introduced by
including a measured amount of a Cu-Sb alloy with the antimony which was used
to make up a nominally 60 At.Z%Sb-40 At.ZZn zone leveling charge. For very
heavily doped samples, small pieces of copper (99.999% purity) were directly
added to the 60-40 charge before its encapsulation. No copper was added to
the bulk alloy charge which was of stoichiometric (50-50) composition. The
copper was then incorporated (from the molten zone) into the crystal during

the normal crystal growth process.
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This procedure will give a fairly uniform doping level over the length
of a newly grown crystal if:

1. The portion of the crystal of interest (for experimentation) is 'small

compared to the size of the molten zone.

2. The distribution coefficient(ls)

of the impurity atom is much less

than unity.
Both conditions were met with the copper doped crystals used in this investigation.
The molten zone length was about 3 cm long while the total length of the grown
crystal was 8 to 15 ecm. Only one or two centimeters of this was needed for any
one set of experimental measurements. From Table 2.l presented in the next
section, the distribution coefficient (the ratio of the impurity concentration
in the solid to its concentration in the melt) of copper in ZnSb can be

estimated as being about 1/15 = 0.067.

2.4.2 Donor Dopants
(4)

Justi et al. have tried to produce n~type 2ZnSb by chemical doping with
Te and Ga. They were unsuccessful. Al, Se and In were tried as donor dopants
in the present work. These were introduced into the growth process in exactly
the same way as copper in the above described copper doping process. Crystals

were grown with molten zones containing approximately the following number

densities of impurity atoms:

Aluminum: 3 x 1018 impurity atoms/cm3
4 x 10%°
Selenium: 5 x 1018
6 x 102°
19

Indium: 8 x 10
In all cases, the crystals showed p-type electrical conduction. This was

determined at room temperature by measuring the thermoelectric power with
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a hot probe.

2.5 SUMMARY OF PROPERTIES OF CRYSTALS USED FOR MEASUREMENTS

The basic differences in the electrical characteristics of the crystals
used in the measurement phases this investigation are summarized in Table 2.1.
Copper was used to control the hole concentrations in the doped crystals.

2.6 PREPARATION OF MEASUREMENT SAMPLES

2.6.1 Crystal Orientation and Cutting

Crystals were oriented with Laue back reflection x-ray photographs. On
the basis of many orientation checks before and after cutting, the orientation
and cutting procedures were found to be accurate within + 2 degrees.

The single crystals were found to be far too brittle to be cut reliably
with available diamond cut off wheels. Consequently, spark erosion cutting(lg)
was used to section the crystals and shape all surfaces of the measurement
samples. 20 mil dia. and 5 mil dia. tungsten wires were used as cutting
electrodes. The cuts were made under deodorized kerosene with working voltages
of 30 to 40 volts and short circuit currents of about 20 ma. The cutting
speed was set at about 1 cm/hr. Faster cutting speeds tended to produce
thermally generated cracks in the crystal - especially in the higher resistivity
crystals. The resulting surfaces were found to be very uniformly cut. Some
surface damage (or deposits) was present, but this was removed by eroding
away about 10 microns of the surface with an air brasive cutter.(IG)

These sandblasted surfaces contained, of course, a damaged layer. The
major portion of this damage was confined to the first 7 to 10 microns of
the surface. This was determined by back reflection x-ray photographs. A

sandblasted crystal surface generally had well defined x-ray reflection spots,

but often faint, very diffuse spots and blotches also would appear. These
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were absent from x-ray photographs of chemically etched surfaces.

2.6.2 Galvanomagnetic Samples

The typical galvanomagnetic sample geometry is shown as Figure 2.9. An
effort was made to keep the (length to width) aspect ratio of the samples at
least as high as 8 or 10. This was done to minimize the effects of the
inhomogeneous electric current distribution in the vicinity of the current
contacts. This precaution also minimized the disturbance of the magneto-
resistance measurement which was introduced by the finite size of the
voltage probe contacts. Because of crystal geometry, the <100> axis samples
had a maximum length of 8 mm and had to be used with an aspect ratio of about
6 to 8. The samples which were used to carefully measure the degree of
anisotropy in the Hall effect had transverse dimensions approaching 1.5 mm.
These dimensions were increased to reduce the measurement perturbations
introduced by the finite contact areas of the Hall probes.

2.6.3 Electrical Contacts

It was found that ordinary (60-40) lead-tin solder, applied with a rosin
flux, wet zinc antimonide very well and produced excellent ohmic contacts.

Over a hundred contacts were specifically tested for ohmic behavior at
room temperature and at 77.3°K. Contact current densities reached as high
as 50 A/cmz. No nonlinearity was ever observed.

Fine copper wires were soldered to the galvanomagnetic samples with a
hot gas jet. A bit of rosin flux was applied to the freshly sandblasted
surface of a sample bar. A pretinned copper wire, with a small solder bead
at the end, was then positioned with a micromanipulator and butted against
the surface. A second micromanipulator was then used to position the 15

mil dia. nozzle of a homemade, vycor enclosed, resistance heated gas jet
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1.5 mil DIA.
COPPER WIRE
VOLTAGE PROBES
50-50 Pb-Sn
SOLDER DOTS 3.0 mil DIA. COPPER
D C WIRE CURRENT LEADS
\A h W\/
G / t
F B
L Ly L
LENGTH

CURRENT CONNECTIONS AT LEADS A-G
RESISTIVITY MEASUREMENT AT LEADS B-F
HALL VOLTAGE MEASUREMENT AT LEADS C-B AND D-F

DIAMETERS OF SOLDER DOTS AT ELECTRICAL CONTACTS

TYPICALLY: 0.3 mm FOR CURRENT CONTACTS A-G
0.08 TO 0.10 mm FOR VOLTAGE PROBES

TYPICAL SAMPLE DIMENSIONS:
1. ELECTRICAL CLRRENT ALONG <010> OR < 001>

LENGTH=2 TO 11 mm Lv=3mm
h =1.2mm LE=3TO4mm

t = 7.0 mm

2. ELECTRICAL CURRENT ALONG <100 >
LENGTH=6TO 8 mm Lv =2 mm
h =1.2 mm LE=2TO4mm

t =1.0 mm

3. ELECTRICAL CURRENT AT 45° TO A PRINCIPAL
CRYSTAL AXIS:

DIMENSIONS ARE IN BETWEEN THOSE
OF 1. and 2. ABOVE

Fig. 2.9 Galvanomagnetic Sample Geometry
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heater. The fine jet of heated gas (v 190°C) was then turned on and the bond
made in 3 to 5 seconds. Either nitrogen or forming gas was used.

Voltage probes had contact diameters of about 0.1 mm. Current contacts
had diameters of about 0.3 mm. The current contacts were not made with a
larger area because of potentially dangerous, differential thermal expansion
stress generation when the samples were cooled to 77.3°K.

2.6.4 Galvanomagnetic Sample Surfaces

In order to avoid carrier accumulation at the sample surfaces, the surface

. . X (20,22)

recombination velocity was increased by using sandblasted sample surfaces .
The use of chemically etched surfaces is noted in the text when such a case

occurs in the measurements.

2.6.5 Thermal Samples

Thermal measurement samples, used for thermoelectric power and thermal
conductivity measurements, were approximately cube shaped and measured 3 to
5 mm on a side. The cubes were cut so that they were bounded by the 3
principal crystallographic planes.

2.6,6 Thermal Contacts

The thermal conductivity measurement required large area contacts which

were made to a brittle material which has an anisotropic thermal expansion(ZB),
A low temperature soldering technique was used. This minimized mechanical
straining and crystal breakage due to differential thermal expansion between
any two principle axes and the copper heat source or sink.
Two opposite faces of the thermal conductivity sample were sandblasted(16)
and carefully plated with indium from a room temperature bath of indium sul-
(21)

famate plating solution . The copper heat source and sink of the thermal

conductivity chamber (Section 3.2.2 and Figure 3.6) were tinned with gallium.
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The ZnSb crystal was then raised to slightly above room temperature (to about
30°C) and the indium plated faces tinned with gallium. The crystal was then
placed in contact with the heat source and heat sink and the whole assembly
was cooled to about 15°C where the supercooled gallium solder froze. Thermal
measurements were made at 0°C. Hence, only about a 15-20°C maximum temperature
excursion was experienced by the solid gallium solder contacts.

This soldering technique also has the advantage that the crystal sample
can be easily unsoldered, cleaned, and remounted with a different crystallo-
graphic orientation. It was often possible to run complete sets of thermal
measurements on all three sets of faces of a given cube.

These indium plated and gallium soldered contacts were found to be ohmic
up to the highest tested current level, which was 0.5 A/cmz. For a further
discussion of electrical contact resistance, refer to Section 3.2.2.

The measured thermal conductivities were found to be independent of
sample length. Hence, the thermal resistance of the contacts was negligible

also.
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CHAPTER 3
MEASUREMENT INSTRUMENTATION

3.1 GALVANOMAGNETIC MEASUREMENTS

3.1.1 Introduction

Galvanomagnetic measurements should be made on isothermal samples. This
eliminates thermal and thermomagnetic contributions to experimentally measured
sample voltages. These points and methods for minimizing their influence
have been discussed by many authors(1—3).

An a.c. measurement system was used in this investigation. A a.c. sample
current, a d.c. magnetic field, and a frequency selective a.c. detection
system were used. The use of frequencies above roughly ten cps. effectively
eliminated the influence of both the Peltier heat generation at the current
contacts and the Ettingshausen effect. Reasonable care in heat sinking the
measurement sample and in using small sample currents minimized the influence

of nonuniform Joule heating.

3.1.2 Galvanomagnetic Measurement Instrumentation

Figure 3.1 presents a block diagram of the instrumentation scheme. This
figure is largely self explanatory. The primary a.c. signal source was the
Hewlett-Packard model 200 CD audio oscillator. The frequency of operation
was generally in the range of 150 to 230 cps - although frequencies as low as
18 cps were used on occasion. One of the Hewlett-Packard model 400 D VIVM's
was carefully calibrated. It served as the secondary voltage reference for
calibrating the measurement system by means of a precision resistance voltage
divider. The other VIVM, connected in parallel with the first, reduced the

possibility of a sudden VTVM malfunction spoiling a measurement run.
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The cancellation network is a simple R-C phase and amplitude shifting
circuit, shown in Figure 3.2. It was used to provide a cancellation signal
to null out the extraneous IR sample voltage picked up by misaligned Hall
probes. This circuit was also used to null out the zero magnetic field IR
voltage picked up by the sample voltage probes. When the magnetic field was
then applied, the resulting measured voltage could be used directly to yield
the magnetoresistance voltage, AV/V®. This voltage is equal to Ap/p°® if the
sample current remains constant when the magnetic field is applied. This is
true here since the current limiting resistor, RS, was 30 to 100 times higher
than the sample resistance and also since Ap/p° was generally less than " 1%.

RS could be chosen from any one of seven resistance values in the range
of 5 to<1000 ohms by a built in selector switch. The same is true of CP and
CS - values from 0.001 through 1.0 uf could be selected by built-in switches.
By deriving the cancellation voltage directly from the sample current, small
amplitude and frequency fluctuations in the output of the audio oscillator-
power amplifier excitation source did not have a first order effect on the
stability of the/voltage null.

IR sample voltage could be routinely nulled to 1 part in 106. The phase
and amplitude adjustment potentiometers were 10 turn helipots. The can-
cellation network could be switched out to give a direct measurement of
sample resistivity. The calibration network could be switched in and out
within a few seconds to give a system calibration check at anytime. System
calibration was checked often during a data taking run.

The Tektronix type 122-A low level preamplifier was battery operated.

Its adjustable upper and lower half-power points were usually set at 80

and 250 cps respectively. The skirts on the passband fell off with a
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limiting assymptote of 20 db/decade. Negligible distortion was introduced
by this preamplifier for input voltages less than 5 mv with 1000 x gain

and 50 mv with 100 x gain. The input impedance of this preamplifier was 10
megohms in parallel with 50 pf.

A General Radio Co. type 736-A wave analyzer was used as a tuned volt-
meter. The 3 db width of the passband is rated as 6 cps and the passband
width is rated as being about 30 cps at 40 db down. The top 80% of the meter
deflection was found to be linear within 1Z. The calibrated attenuators in
this instrument were carefully checked for proper scaling. Full scale
voltages of 0.3 pV to 100 mv could be quickly and accurately chosen by
switching these internal attenuators.

The entire measurement system was carefully shielded. Ground loops
were assiduously avoided. The frame of the Varian Associates electro-
magnet was used as a common ground point. With a measurement sample in
place, the residual 60 cps signal in the measurement system (wave analyzer
tuned to 60 cps) was less than 5 uv.

The Sensitive Research Corporation Model A thermo-milliammeter was
carefully calibrated against a 10.007 + 0.05 Int-ohm oil immersed precision
resistor with a Leeds and Northrup type K potentiometer. The standard cell
used was cross checked against several others to confirm its emf.

One test of the operation of the entire measurement system involved the
measurement of known resistances in the range of 0.1 to 10Q., These test
resistances were mounted in the actual sample holders and could be con-
sistently measured to within 1% over the frequency range of 20 to 300 cps.

The Rawson, Model 720 rotating coil fluxmeter was calibrated against

a Varian Associates model F-8A nuclear magnetic resonance fluxmeter. No
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calibration corrections had to be applied to the fluxmeter readings. It was
limited to 1/2% absolute accuracy by reading precision only.

Three inch dia. tapered pole pieces were used on the 6" electromagnet -
Varian Associates model V-4007. The pole spacing was 1-1/8". The magnetic
field was measured to be homogeneous to within 1/2% over a diameter of 1-1/2
inches. The largest experimental sample dimension was less than 1/2 inch.

3.1.3 Galvanomagnetic Sample Mounting and Orientation

3.1.3.1 Sample holders and sample mounting

A sample holder with a mounted magnetoresistance sample is shown as
Figure 3.3. The construction of these samples holders has been discussed by

Blair(A) (5

and Nelson'~’. The 1/8" thick platform and the body of the holder
is machined from a single piece of aluminum. The aluminum is anodized (and
dyed black) to provide a thermally thin yet electrically insulating layer.
Seven #30 teflon insulated copper leads and a thermocouple pair are brought
down a 3 to 4 foot length of thin wall, non-magnetic stainless steel support
tube. The thermocouple bead is Pb~Sn soldered to a brass stud which is
screwed through the sample platform. The electrical leads are terminated
at soldering posts which are imbedded in a teflon terminal block. A similarly
anodized aluminum can is screwed over the entire assembly. The can acts as
an electrical and light shield and also serves to stablize the thermal
environment of the sample. A small heater winding was added to the aluminum
shield can when it was desired to make measurements at temperatures slightly
above room temperature.

The galvanomagnetic sample, itself, was tied to the platform with cotton

thread. All of the electrical leads (1.5 mil dia. copper voltage probes and

3.0 mil dia. copper current leads) were cemented to the platform with clear
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fingernail polish. No evidence of lead vibration (a.c. excitation - d.c.
magnetic field) was noticed in that the various types of experimentally
(6)

measured voltages were found to be independent of frequency.

3.1.3.2 Method of orienting mounted samples

The support tube of the sample holder was firmly taped into a machined
groove in a specially constructed indexing head. This indexing head, made
of brass, rotated in a 1/2" thick aluminum face plate which could be slid
about on a table mounted over the dewar and magnet until properly positioned
and then firmly clamped in place with dogs. The face plate contained
indexing holes (3/32" dia.) every 15° on a 5" dia. circle. The indexing
head had a sliding steel pin which mated with these holes. By rotating the
head and mating the pin with the desired hole, the sample holder could be
quickly,accurately and reproducibly indexed every 15°.

The angular zero reference was established by rotating the face plate
until the Hall effect zero was found and then clamping it in place. The
indexing head (and sample holder) could then be indexed at 15° intervals
measured from the Hall effect zero orientation. It is estimated that the
indexing head gave a relative orientation accuracy of + 1° in azimuth. The
angle of elevation of the samk current axis is estimated to be within + 3°
of the horizontal (or + 3° of the vertical when appropriate).

3.1.3.3 Temperature and environment control

Room temperature measurements

Room temperature measurements were made in an empty (air filled) dewar.
Electrical resistivity and the Hall effect were the only quantities exten-
sively measured at room temperature. The time integral of Joule power

dissipation over the elapsed measurement time resulted in a Joule heat
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generated energy increment which was sufficient to raise the temperature of

the sample holder by 0.1°C in the most pessimistic case. This is a negligible
temperature change for resistivity and Hall effect measurements on an extrinsic
semiconductor. Some measurements were taken with the dewar filled with two
liters of unstirred kerosene. The same measurement results were obtained.

Room temperature was in the range of 26 + 2°C.

Low temperature measurements

Extensive low temperature measurements were made at the temperature of
liquid nitrogen ~ 77.3°K. A single, glass walled dewar was used as a container
for the liquid nitrogen. The tail section of the dewar had an outside diameter
of about 1-1/8". The dewar had a capacity of 2-1/2 liters. Freshly prepared
liquid nitrogen was used for most of the measurement runs. Magnetoresistance
measurements runs were usually begun one hour after the sample holder had
reached liquid nitrogen temperature. The temperature of the sample holder
could be monitored with the internal thermocouple. It was found that the
bath temperature remained constant to within 0.2°C (which was the precision
of the thermocouple measurement at 77°K) over the period of time required
to make a complete measurement run — which was typically 3 hours. The neck
of the dewar was blocked off with a cloth plug.

Measurements as a function of temperature

Measurements of the Hall effect and electrical resistivity were made
as a function of temperature. This was done by letting the nitrogen evaporate
in the dewar and taking measurements as the sample holder drifted up in
temperature. The maximum rate of temperature change was about 1.5°C per
minute near 77°K. The rate of change decreased considerably as room

temperature was approached. Temperature, Hall effect, and the electrical
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resistivity could all be measured within an elapsed time of about 15 seconds.
Temperatures as high as 75°C were reached by using a small heater winding
wound on the aluminum shield can.

3.1.3.4 Thermometry

Copper — constantan thermocouples were used to measure sample holder
temperatures over the range 77.3°K to 350°K. Premium grade(7) #36 B&S gauge
nylon insulated wire was used. Thermocouple beads were made with Pb-Sn
solder. After mounting in the sample holders, the thermocouple voltages
(referenced against an ice bath) were checked at room temperature (against
a laboratory thermometer) and at liquid nitrogen temperature. Occasionally,
a thermocouple would be checked at the temperature of a dry ice and acetone
bath. The temperature read by the thermocouples were consistently found to
be accurate within at least + 0.5°C. Consequently, no corrections were
applied to the thermocouple output voltage.

A tightly packed crushed ice and tap water reference junction bath was
used. A temperature conversion table calculated from a National Bureau of
Standards table was used(s).

3.1.4 Error Analysis-Galvanomagnetic Measurements

The various quanties ~ voltages, currents and dimensions - which are

needed to calculate important transport parameters are listed in Table 3.1.
The estimated accuracy of each measurement and the method of measurement
are also indicated. When the probable errors of each experimentally measured

(9

contributing quantity are properly combined, the following absolute

accuracy estimates are obtained:
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Transverse
Sample Dimensions

Spacing of
Voltage Probes
Electrical

Currents

Magnetic
Field

A.C. Sample
Voltages-no Null
A.C. Hall Voltage-
with Null

A.C. Magneto-
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TABLE 3.1

ESTIMATED PROBABLE ERRORS OF MEASURED QUANTITIES
USED TO CALCULATE TRANSPORT COEFFICIENTS

MEASUREMENT ACCURACY METHOD OF MEASUREMENT
Absolute: Relative:
+0.003mm s ame Metric Micrometer
+0.10mm same Vernier on a Traveling

Stage Microscope

resistance voltage-

with Null

D.C. Voltages in
Thermal Measuremen

Temperdture
Differences in
Thermal measure-
ments

+ 1/2% same Thermo-Milliameter
+ 1/27% same Rotating coil fluxmeter
+ 1-1/2% + 1% Preamplifier and Wave
Analyzer

+ 2% + 1-1/2% Same as above
+ 3% + 2-1/2% Same as above

ts + 1/2% + 1/2% L&N type K Potentiometer
+ 3% + 3% Type K Pot. and Copper

Constantan Thermocouples
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Electrical Resistivity + 4.3% —--—- 4 1.2% Relative Accuracy
Hall Constant + 27

Hall Mobility + 4.6% -—— + 2.1% Relative Accuracy
Magnetoresistance, $¥ + 4% to + 10%

(Depending upon the magnitude of the Hall effect voltage which is

averaged out of the §(+) and ﬁ(-) magnetoresistance data).

Relative measurement accuracies have been indicated when they differ

significantly from the absolute.

It should be mentioned that the above error esﬁimates contain an inherent
uncertainty. This is caused by the possible influence of sample inhomogen-
eities and departures from ideal galvanomagnetic sample geometry - mainly
in the form of the finite diameters of the voltage probes. These points have
been discussed to some extent in the literature(lo). The extent of these
perturbations is difficult to estimate. The only available recourse is to
use the best available crystals and the best possible sample preparation
technology. Measurement reproducibility checks from sample to sample are of

vital importance in this context.

3.2 THERMAL MEASUREMENTS

3.2.1 Thermal Conductivity and Thermoelectric Power Measurements

The thermal conductivity chamber is shown in Figure 3.4. The vacuum
cryostat is shown as Figure 3.5. These figures are largely self explanatory.
The monitoring thermocouple, TC-3, was sometimes taped to the outside of the
thermal conductivity chamber. It essentially reproduced the reading of the
cold junction thermocouple TC-2.

The hot junction, TC-1l, and cold junction, TC-2, thermocouples were

carefully soldered to the bottoms of their respective thermocouple wells
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AREAS OF THE CRYSTAL WITH GALLIUM. ALL
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Fig. 3:4 Thermal Conductivity Chamber
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(0.040" dia.). The thermocouple beads are within 0.015" of the sample
surfaces.

With a sample in place and the cryostat at 0°C, the thermal system
would reach a steady-state condition in about 75 minutes ‘after a change was
made in the input power level to the heater.

The heat power conducted by the sample is equal to the electrical power
input to the heater minus the stray power losses (lead heat conduction,
radiation loss, residual gas convection losses). The stray losses were
determined by cementing a polyfoam block - the same size as a thermal con-
ductivity sample - in place and measuring the electrical power input required
to maintain a given heater temperature. This loss was determined (on several
ocassions) to be:

0.85 + 0.05 milliwatts
e
over a temperature differential range of 2 thr;igh 8°C. The residual gas

pressure in the cryostat was 4 to 8 u for this calibration.

3.2.2 Thermal Measurement Instrumentation

The electrical instrumentation for the thermal measurements is shown
in Figure 3.6. For electrical isolation, the reference junctions of the
thermocouples were inserted into thin walled (1/2mm) glass tubes which were
filled with Dow-Corning type 304 silicone heat sink compound. These tubes
were then taped to the bulb of the bath temperature monitoring, mercury
thermometer. This assembly was then inserted at least 6" into a dewar
filled with well packed, finely crushed ice and water.

The electrical resistivity of the thermal samples was determined by
a "two terminal" measurement. A d.c. electrical current was passed through

the sample by means of a #44 B&S gauge copper wire attached to the heater
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block. The thermal conductivity chamber served as the return path. This
current was measured with the thermo-milliameter described in Section 3.1.2.
The resulting voltage was measured with the copper leads of the thermocouple
pair - TC-1 and TC-2. The L&N type K potentiometer was used for this measure-
ment. This same pair of copper leads was also used to read thermoelectric power
voltages. Readings were taken over roughly a decade variation of current
levels and for both current polarities. No non-linear behavior was observed.
Electrical resistivies determined in this manner were independent of sample
length. They were also in good agreement with values measured on galvano-
magnetic samples. Thus, the indium plated and gallium soldered contacts had
negligible electrical resistance.

The measured thermal conductivities were found to be independent of sample

length. Hence, the thermal resistance of the contacts was negligible also.

3.2,3 Thermometry

The premium grade of #36, nylon insulated, copper~constantan thermocouple
wire described in Section 3.1.3.4 was also used in the thermal conductivity
apparatus. After installation, the thermocouples were checked in the following
way. The heat source was soldered directly to the heat sink. The monitoring
thermocouple, TC-3 was taped to the outside of the chamber - as illustrated in
Figure 3.4. The chamber was installed in the cryostat and evacuated. The
cryostat was placed deep in a 7 liter dewar filled with tap water. After a
12 hour equilibration period, the three thermocouples were found to read the
same temperature (about 21°C) to within one microvolt (40.5 uV/°C sensitivity
at this temperature). The cryostat was then immersed in crushed ice and water.
At 0°C, the outputs of the three thermocouples were found to agree within ZFV

(38.7 uv/°C sensitivity at 0°C). On the basis of several experiments of this
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sort, it is felt that the temperature differentials (AT=T ) were

hot—Tcold
measured to an accuracy of at least 0.10°C. Thermal conductivity readings -
usually three for each sample orientation - were taken with temperature
differentials of 1.5 to 4°C. Occasionally, AT ranged as high as 8°C. The
thermal conductivities calculated for the different temperature gradients
were consistently found to agree to with at least + 2%. This adds more

confidence to the accuracy of the thermometry.

3.2.4 Error Analysis

Table 3.1 presents the quantities which are needed to calculate the
transport parameters along with their estimated accuracies of measurement.
The comments of Section 3.1.4 are pertinent here also. From these measure~
ments estimates, the following absolute probable error estimates on the
transport parameters are obtained:

Thermal conductivity : + 4%

Thermoelectric power : + 3%.
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CHAPTER 4
PRESENTATION AND DISCUSSION OF EXPERIMENTAL RESULTS

4.1 _INTRODUCTION

This chapter presents and discusses the results of the following types
of experiments on p-type ZnSb:
1. Annealing experiments.
2. Thermal measurements - thermoelectric power and
thermal conductivity.
3. Hall effect and electrical resistivity measurements
between 77.3 and 325°K.
4. Anisotropy of the Hall effect.
5. Magnetic field dependences of the Hall and magneto-
resistance effects.
6. Extensive magnetoresistance measurementS at 77.3°K.
Pertinent comments on experimental procedure are included when this is
felt to be necessary.
The following convention is used to label the crystal axes:
1 =<100> = a = 6.20;
2 = <010> =b = 7.742
3 =<001>=¢ = 8.10X
The following convention is used regarding the meaning of the subscripts
on the elements of the galvanomagnetic tensors:

1. Thermal conductivity: Kij

K(heat flux component) (temperature gradient component)

2. Thermoelectric power: a

ij

0‘(electric field component) (temperature gradient component)
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3. Electrical resistivity: pij

P(electric field comp.) (electric current density comp.)
4. Hall coefficient: Rijk = pijk
p(elec. field comp.) (electric current dens. comp.)x

(magnetic field comp.)

5. Magnetoresistance coefficients: pijkz

p(elec. field comp.) (electric current density comp.)x
(magnetic field comp.) (magnetic field comp.)
Appendix 1 shows that the transport tensors have the following possible
non-zero elements when they are referred to the principal coordinate system
of the crystal:
1. Thermal conductivity (3):

K117 ¥22° "33

2. Thermoelectric power (3):

%112 %22 %33
3. Electrical resistivity (3):

P11° P22° P33

4., Hall coefficients, (3):

Rijk ™ Pigx’
P123 " 7 Pa13

e ==97
312 132

P31 = 7 P321

where Onsager symmetry requires the indicated equalities.

5. Magnetoresistance coefficients (12):

Pr111 P2211 P3311 Pi212
P1122 P2222 P3322 P1313

P1133 P2233 P3333 P2323
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4,2 ANNEALING EXPERIMENTS ON UNDOPED CRYSTALS OF P-TYPE ZnSb

42.1 Introduction

As the measurements on undoped single crystals of p-type ZnSb progressed,
several puzzeling occurrences were noticed.

1. Subjecting the crystals to temperatures of 50°C for 15 to 30 minutes

in the course of Hall effect measurements would increase the apparent

room temperature hole concentration by 5 or 10%Z. This "added" number of

holes would slowly disappear with time.

2. Careful, d.c. potentiometer measurements (+ 1/2% relative accuracy)

of the electrical resistivities of a set of samples indicated that the

resistivities were increasing by a few percent over a period of several

weeks.

Exposing a new crystal surface layer by sandblasting away 10 or 20 mic-
rons of the surface had no effect on the apparently changing hole concentration.

(1) (2)

Kot and Kretsu and Mazelsky also qualitatively observed that heating
an undoped ZnSb crystal would increase the apparent hole concentration and
that the hole concentration would then slowly decrease with storage at room
temperature.

All of this provided motivation for the following annealing experiments.
The following experiments serve as the first recording of a phenomena that
has only been very briefly mentioned and never characterized in the

literature(1’3’4).

A plausible model is proposed for the observed phenomena.
However, this model must be regarded as being speculative, since needed basic
information, such as the electrical effects of departures from the ZnSb

stoichiometric composition and the magnitude of the self diffusion coefficients

are not avilable for quantitative tests of the validity of the model.
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4.2.2 Experimental Procedure

Galvanomagnetic sample bars were annealed in an open tube furnace. The
ambient atmosphere was sometimes nitrogen but often argon at a flow rate of
less than one s.c.f.h. A dry ice and acetone cold trap was used in the gas
line. The results did not seem to depend upon which gas was used. Many of
the sample bars were annealed with their electrical contacts and copper lead
wires in place, since they had already been used for other measurements. In
such cases, the annealing temperature did not exceed 175°C in order to avoid
melting the contacts. The contact technology has been discussed in Section
2.6.3. 1In order to establish that the observed phenomena were not caused by
contact diffusion, a number of bars were annealed without contacts ~ the
contacts being applied just before electrical measurements were made. Contact-
less bars were annealed at temperatures as high as 240°C. Temperatures were
read with a chromel - alumel thermocouple that had been calibrated at 100°C
and 0°C.

The Hall effect and the electrical resistivity were measured with the
a.c. apparatus described in Section 3.1.2. Sample recovery was monitored at
room temperature through periodic Hall measurements. After annealing, samples
were stored in the ordinary room atmosphere under dust covers.

A typical experimental run consisted of measuring the room temperature
electrical resistivity and Hall coefficient, demounting from the sample holder,
washing in trichlorethlyene, acetone and methyl alcohol, annealing, quenching
to room temperature (time required, 5 to 10 minutes), remounting in the sample
holder, and monitoring the Hall effect as a function of time. The first
electrical measurements were taken within 1/3 to 1 hour of the moment when the

temperature dropped to end the annealing cycle.
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After initial post annealing measurements had been made, the surfaces
of several of the samples were sandblasted. About 10 microns of the surface
was removed. This had no effect on the change in Hall coefficient or
resistivity which was caused by annealing. Thus, it seems as though a bulk
effect was observed. Annealing did not change the Hall mobility appreciably.

Equilibrium conditions, at a given annealing temperature, were established
in about 6 hours. This was established by reannealing several of the samples
(with contacts) for an additional 10 to 24 hours at their respective annealing
temperatures. Some annealing cycles ran for 72 hours. No change in the
corresponding experimentally measured hole concentration was noted.

With one exception, the samples which were annealed without electrical
contacts in place were provided with sidearms. The width of these sidearms
(~2.0 mm) was equal to the width of the main body of the sample. The length
of a sidearm was equal to its width. This is a rather non-ideal sidearm
geometry, but it was necessitated by the brittle nature of ZnSb. Electrical
contacts were applied with a hand held soldering iron in the form of V1 mm dia.
solder dots at the end of the sidearms. The sidearm samples were subjected
to the same experimental procedure already outlined except that all traces of
lead-tin solder contact material were removed by sandblasting before an anneal-
ing cycle took place. The one exception, identified as C-1081-C AN-2, was a
simple bar (1.2 mm wide) which was annealed without contacts, had the above
described contacts applied directly to its surface, was measured and then
reannealed with these contacts in place. Thus, C-1081-C AN-2 had electrical
contacts that were from 5 to 10 times the diameter (0.1 mm) of the usual

galvanomagnetic sample voltage contacts (described in Section 2.6.3).
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4.2.3 Experimental Results

The apparent hole concentration was obtained by simply inverting the
measured Hall coefficient, p = 1/Rq. The observed carrier concentrations
are plotted as a function of the reciprocal annealing temperature in Figure
4.1. The slopes of the straight lines correspond to an apparent activation
energy of 1.0 ev. The particular Hall coefficient which was measured for each
sample is indicated along with each sample identification.

The points which were obtained for the contactless samples lie below
the points which were obtained for the samples annealed with the contacts
in place. It is believed that this is due to a difference in the gross
geometries of the two types of samples. When one pair(of the two pairs) of
sidearms was removed and replaced by the usual galvanomagnetic contacts
(diameter 0.1 mm - refer to Section 2.6.3), the measured hole concentration
was about 30% larger than that measured with the remaining sidearm pair.
This was found to be true in two checks of this sort. Thus, the curve for
the sidearm samples might logically be translated upward to the position
shown by the dotted line shown on Figure 4.1. It is felt that the remaining
discrepancy between the curves can probably be explained in terms of further
geometrical effects. This discrepancy is probably not due to contact
diffusion effects since both straight lines have the same slope - a rather
fortuitous happening if the upper curve was actually due to diffusion.
Furthermore, checks such as annealing samples with one sidearm pair (no
contacts) and one set of the usual contacts produced results which were
entirely consistent within the framework of the geometry effect mentioned
above. Finally, the point for crystal C-1081-C sample AN-2, annealed with

contacts in place, actually lies closer to the lower curve (contactless
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samples) than the upper.

All of the above points can be clarified by further, careful experiments.
What has been established by Figure 4.1 is that the hole density can be changed
by annealing in an inert atmosphere and that the resultant experimental points
on a log p vs. %‘plot indicate that the process has an activation energy of
about 1.0 ev.

When the annealed samples were stored at room temperature, it was observed
that the hole concentration decreased with increasing time. A typical observed
result is shown as Figure 4.2. The ordinate, W, is equal to the fraction of
excess holes (introduced by annealing) that has disappeared at a given time, t.
It is seen that W approaches unity (complete sample recovery) assymptotically.
The recovery is 90% complete in 100 hours. This was the fastest observed rate
of recovery. At the opposite extreme, other samples would only reach 40%
recovery in 100 hours and would seem to approach 907 recovery in 1000 to 3000
hours - as was estimated by extrapolating their recovery curves. This sort of
recovery phenomena was explicitly observed in 8 samples. Once again, this
phenomena was not changed by sandblasting a fresh surface on several of the
annealed samples.

4,2.4 Discussion of Experimental Results

A tentative explanation of what may be happening can be briefly stated.
This model is essentially the same as that advanced for the similar behavior
of p-type lead telluride(s).

This model states that Figure 4.1 is essentially a representation of the
ZnSb retrograde solidus line on the Zn-Sb phase diagram. The ZnSb lattice

can be thought of as containing more antimony at the higher temperature. Of

course, it is uncertain whether excess antimony or zinc is incorporated into
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the lattice at higher temperatures. The nature of the electrically active point
defect in the lattice is also open to speculation. At any rate, at higher
temperatures, it is possible that additional antimony is supplied by crystal
dislocations which act as a source or a sink for antimony depending upon the
annealing temperature involved and the exact shape of the retrograde solubility
line.

Hence when a crystal is annealed at an elevated temperature, a new con-
centration of electrically active antimony (or zinc) is incorporated into the
lattice and the hole concentration increases. This new equilibrium is reached
in a fairly short time - several hours. Afterwards, when the crystal is allowed
to remain at room temperature, the antimony (or zinc) precipitates out on dis-
location lines in the crystal as electrically neutral atoms. This room tem-
perature precipitation process is slow—taking hundreds or thousands of hours.
Ham(6) has presented a theory for diffusion assisted precipitation. The theory
predicts a slope of t2/3 for the initial portion of the precipitation curve and
a long time limiting behavior of (l-exp Klt)’ where Kl is a constant for a
given sample and temperature.

The short time portion of the recovery curve, Figure 4.2, does have an
initial slope of 0.67. It should be noted that the concentration of holes
at zero time p(t=0), is needed in order to calculate the precipitated fraction,
W, accurately - especially for short times. Since the first Hall measurement
took place from 1/3 to 1 hour after the annealing was stopped, p(t=0) had to

be approximated. This was done by assuming that K=K0t2/3

initially (where Ko
is a constant for a given sample and temperature) and using the first two
experimentally measured hole densities to compute p(t=0). This value then

was used to compute W at all later times. This procedure might be criticized
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for the sample shown in Figure 4.2, since only two additional peoints lie near

2/3

the t portion of the curve. However, when used with other samples -

especially those with slower recovery rates - as many as six additional points

2/3 2/3

were found to lie on the t line. Hence the presence of a t behavior

is reasonably well established for the short time recovery. The value for
p(t=~) was assumed to be 1 x 1016 as was determined by an extrapolation of
the straight lines of Figure 4.2 to room temperature.

The long time behavior of the recovery was found to follow neither (l-exp Klt)

2/ )
5t

precipitation of carbon and nitrogen in cold-worked alpha iron. The exact

nor the (l-exp K 3) with which Harper was able to fit the observed
form - but not the assymptotic nature - of the long time portion of the
recovery curve was found to vary slightly between samples. This is not too

(6)

surprising since Ham has made the observation that the long term mathematical
form of the precipitation curve can mirror the type of systematic agglomeration
of dislocations present in the sample. His theory was developed for a uniform
array (etch pits forming a two dimensional square array) or a random array of
dislocations. The magnitude of the amount of recovery at a given time is
also sensitive to the dislocation density - being greater for higher dis-
location densities, as might be expected. The values of K1 and K2 used in
curves A and B of Figure 4.2 were determined by fitting the curves to the data
at t = 10 hrs and t = 1.25 hr respectively.

In summary, it has been established that the hole concentration in p-
type ZnSb can be changed by annealing at elevated temperatures in an inert
atmosphere. This phenomena does not basically originate as contact diffusion

or as a surface effect. The observed time recovery at room temperature

exhibits the general functional form expected for stress assisted precipit-
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ation on crystal dislocations.

In order to more firmly establish the origin of this behavior and a more
exact model, the following types of experiments are necessary:

1. The identity of the electrically active atomic species must be

determined. This might be done by introducing departures from the ZnSb

stoichiometry with vapor annealing experiments. This would establish the
composition fine structure on the ZnSb solidus line - at least at
elevated temperatures. This would also be a promising approach to try

in attempting to produce n-type ZnSb.

2. The diffusion coefficients (3 in number) should be measured for the

electrically active atomic species. This should be done at or near the

temperature at which the sample recovery is monitored.

3. Careful determinations should be made of the density and geometrical

grouping of the dislocations present in each crystal sample used in

annealing experiments.

4, The method of monitoring the hole density should, ideally, be able

to give a rapid hole density determination at any time during or after

the annealing cycle. A suitable method must be found.

The phenomena observed above might possibly be the cause of the high
temperature instabilities which have been observed in cast ZnSb thermo-
elements (refer to Section 1l.1%. It is also obvious that the above phenomena can
have a  profound influence on the results of electrical measurements on
undoped ZnSb crystals. For example, crystals are usually cycled down to room
temperature in a matter of hours after growth. But, the hole concentrations
in a newly grown crystal may take weeks or months to equilibrate at room

temperature. This complicates the determination of the anisotropy in the
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galvanomagnetic properties of ZnSb.

4.3 THERMAL MEASUREMENTS

4.3.1 Introduction

The following measurements were made with the apparatus described in
Section 3.2.2. The cold junction temperature was 0°C. The temperature

differentials (AT = THot - T ) used ranged between 1.5 and 4°C. On occasion

Cold
AT was as high as 8°C. The reported results are independent of the temperature
differential which was imposed. As explained in Section 3.2.2, the electrical
conductivity of the thermal samples was determined by a two terminal resistance
measurement. The thermal and electrical resistances of the sample contacts

were found to be negligible.

4,3,2 Thermoelectric Power Measurements

Figure 4.3 presents the measured thermoelectric powers as a functioq of
electrical conductivity. Good straight lines are obtained on the semi-
logarithmic plot. Note that 4 determinations of the anisotropy of the thermo-
electric power were made at 4 different doping levels. At a given doping level,
the same single crystal cube was measured along three successive axes to
reliably determine the anisotropy. The quoted thermoelectric powers are
referenced to the thermoelectric power of copper, + 2.7 u/°K at 0°C(8).

It is seen that the thermoelectric power of p-type zinc antimonide is
isotropic to within the estimated experimental accuracy of + 3%. Although
the points do not appear on Figure 4.3 because the electrical conductivities
were not determined, the thermoelectric power of undoped p-type ZnSb
(a = + 680 uV/°K) was found to be isotropic also.

Using the results of Appendix 2, Section A.2.7, Eq. A.2.84, the thermo-

electric power for a single general ellipsoid valence band (anticipating the
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discussion of Chapter 5) can be written as:

. . L <(E-Ep)ty >

—_— (4.1)
i§ Tq <1 > 1j

The notation is explained in Appendix 2. Thus, it is seen that the thermoelectric

power does not depend upon the mass anisotropy of the valence band. The thermo-

electric power will be isotropic if:
1. The relaxation time, TE is a scalar - in particular a scalar function

of energy:

Ty F(E)

2. The relaxation time tensor, which is assumed to be diagonal in the
same coordinate system as the valence band effective mass tensor, can be

expressed as a diagonal matrix of constants times some function of energy:

111 0 0
-]
Tij 0 Too 0 F(E)
-]
0 0 133

Assuming that F(E) = Er, Eq. 4.1 can be evaluated to give:

E
a, = ﬁ- [(r + 5/2) - E% (4.2)

where nondegenerate statistics are assumed. Energy is measured from the edge

of the valence band. Hence, EF is numerically negative in the above. Assuming

that lattice scattering predominates at 0°C (refer to Section 4.3), F(E)=-E-1/2

and r = - 1/2 in Eq. 4.2. Hence:

@, = 8.63 x 107° [2 - n) volts/°K (4.3)

where, n is the reduced Fermi level, EF/kT. This equation indicates that the

Fermi level of crystal C-1078-C lies in the energy gap, about 3kT from the
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valence band edge. Hence, conduction processes in this crystal - on which the
major portion of the magnetoresistance data was taken - could be described
with classical statistics.

(10)

Using the exact, Fermi-Dirac function, evaluation of Eq. 4.1 with the

assumption that lattice scattering dominates, Table 4.1 was constructed:

TABLE 4.1

APPROXIMATE FERMI LEVEL LOCATIONS AT 0°C

Crystal Thermoelectric Power Location of Fermi Level -
Negative Values are in the
Energy Gap

C-1081-C 680 w/°K -6kT

C-1078-C 430 -3

C-1082-A 345 -2

C-1117-A 250 -0.7

C-1075-B 175 +0.5

Anticipating the discussion of Section 4,3.4, the maximum of azo (thus,
for practical purposes, the maximum thermoelectric figure of merit) occurs at
Ogq = 740 (ohnrcno-l which corresponds to a = 195 uV/°K. At this doping level,
the Fermi level is located at about + 0.1 kT into the valence.band.

4,2,3 Thermal Conductivity Measurements

Figure 4.4 presents the results of thermal conductivity measurements on
p-type ZnSb at 0°C. The published data point of Just et al.(g)'is included
for comparison. This is for an unspecified orientation.

There is about a 12% anisotropy in the thermal conductivities. It seems
reasonable to order the thermal conductivities as:

K > K > K

33 22 11
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even though the anisotropies are close to the estimated limits of probable
experimental error.

Evidently, almost the entire amounts of the observed thermal conductivities
are due to the lattice (phonon) component. The approximately 10% upswing in
the curves as the electrical conductivity approaches 1000 (ohm—cm)'_1 is probably
due to increasing heat conduction by holes. Due to the large lattice component,
it is not possible to estimate the Lorentz numbers from this data. As is shown
in Appendix 2 (Eq. A.2.86), these are given by:

2 2
L o= - <(E-Ep) Ty > _ <(E-Ep)1y,> | (4. 4)
11 o, T ) ZNE <Tii>2

and are isotropic under the same conditions that were outlined for isotropy in
the thermoelectric power (Section 4.2.2).

The upswing in the curves as they approach the data points for the undoﬁed
crystal, C-1081-C, on2 (ohnrcno-l, may be due to the onset of ambipolar heat
transport(13). However, the observed changes are close enough to the probable
limits of experimental error to make any further discussion very speculative.

4.3.4 Thermoelectric Figure of Merit for p-Type ZnSb

Also shown on Figure 4.3 are the data of Justi et al.

) for single

crystals and polycrystals of ZnSb. Their measurements were probably made
at room temperature. No orientations were reported for the single crystal

specimens.

(11)

Notice that the c-axis gives the highest figure of merit for thermo-

electric applications:

azo -1
zZ = = (°K) (4.5)

This is due to the large anisotropy in the electrical conductivity. This is
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seen to be Ogq = 1.5 9, =.24l;022.

The c-axis data of Figure 4.3 has the following analytical representation:
a = 795 - 210 logloo uv/°K (4.6)

where ¢ has the units of (ohurcnﬂ-l. The maximum of azc can be found by

differentiation. The result is:

aza = 2.74 x 10-5 ——E§££§§
0°C maximum cm- (°K)
at o = 741
(Q—-cm)'1

The thermal conductivity data of Figure 4.4 indicates that

- watts
K33 = 0.037 cm-°K
at o4, = 740 (ohm-cm)-l. Thus:
. =3 ga-1
Zmaximum 0.74 x 10 (°K)

for p~type ZnSb at 0°C.

(9)

Our analysis of the data presented by Justi et al. yields a

3 -1

= - °
2 paxtmum (Justi Ref. 9) = 1+18 X 107 (°K)

Evidently, this is a room temperature result. The only thermal conductivity
value quoted by Justi et al. was 0.029 watt/cm°K which apparently corresponded
to an electrical conductivity of 400 (ohm-cm)—l. This is about 20%Z below the
0°C result measured for the c-axis in this work. This difference in thermal
conductivities accounts for most of the difference in these two maximum thermo-

€D

electric figure of merits. Justi et al. quote a maximum figure of merit

3 (°K)-1 for polycrystalline material.

of 2 = 1.0 x 10
In conclusion, it is seen that even though the azo product is appreciably

higher in single crystals of ZnSb, the factor of A2 increase in thermal
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conductivity results in a figure of merit which is about that of polycrystalline
material.

In this context, it is seen that the thermoelectric figure of merit of
ZnSb single crystals might be greatly improved if their thermal conductivity
"can be reduced without affecting the electrical properties. This might be done
by alloying a third atom into the ZnSb crystal lattice to decrease phonon mean
(12)

free paths by mass fluctuation scattering

4.4 HALL EFFECT AND ELECTRICAL RESISTIVITY MEASUREMENTS AS A FUNCTION OF

TEMPERATURE

4.4,1 Introduction

These measurements were made with the galvanomagnetic samples mounted in
sample holders in exactly the manner shown in Figure 3.3. An aluminum cover
was screwed on the sample holder to complete the thermal and electrical shielding
of the mounted sample. The electrical measurements were made as the sample
holder drifted up from the temperature of liquid nitrogen, 77.3°K, to room
temperature. A small heater, mounted on the shield cover, was used to reach
temperatures slightly above room temperature - viz. up to 325°K. This has
been explained in Section 3.1.3.3.

4.4.2 Measurements on Undoped ZnSb

Figure 4.5 shows the majority of the results which were obtained with the
undoped, p-type crystal, C~1081-C. The majority of the samples were not
measured far into their intrinsic regions. This was because of the annealing
phenomena which has been discussed in Section 4.1. It Qas desired to preserve
the nearly constant (with time) hole densities in these samples so that
reproducible magnetoresistance measurements could be made. The probable

mechanism for the annealing phenomena was not recognized until after the
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galvanomagnetic measurement program was focussed on the copper doped samples.

In addition to R (sample GV-15-1 on Figure 4.5), R was measured in

132 231
the intrinsic range on a sample from an earlier undoped crystal. Neither
R132 or R231 was found to undergo inversion in the intrinsic range. This

implies that holes have higher mobilities than electrons - at least in the "3"

(14) (14)

direction . Komiya, Masumoto and Fan have presented a plot of R213 in

the intrinsic region. No inversion was observed. The data of Kot and Kretsu(l)
on three different Hall coefficients, referred to a coordinate system defined
by the planes of easy crystal cleavage, also shows no inversion in the intrinsic
range. Thus, it is probable that the hole mobilities are greater than the
electron mobilities in the "1" and '""2" directioms, also.

The slopes of the Hall coefficient curves (Figure 4.5) indicates that the
acceptor level which is responsible for the p-type conduction has an activation

energy, EA' of about 4.6 x 10-3 electron volt. Komiya, Masumoto and Fan(la)

also have presented a curve which has a slope which corresponds to 4.6 x 10—3
electron volts. Measurements of this sort can yield EA or EA/Z depending on
the concentration of compensated donor centers which are present(ls). The
slopes in the neighborhood of 2.3 to 2.6 x 10-3 ev. apparently correspond to
EA/2, while sample GV-6-2 - being more heavily compensated than the rest - has
a slope which corresponds to EA'
Figure 4.6 presents Hall mobility curves which have been calculated from
the data of Figure 4.5. Clearly, Mo > My > W Figure 4.7 presents the same
information, but also includes two additional curves for the b and c axes.
The slopes of the Hall mobility curves of Komiya, Masumoto and Fan(a) are
also indicated. There is about at 107 variation in the slopes of the drafted

straight lines between samples with the same current axis (including the samples
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of ref. 4). The small table included on Figure 4.7 indicates that this variation
can be correlated with the apparent density of acceptors. At higher hole con-
centrations, a bit more ionized impurity - charge carrier scattering is present,
especially near 77.3°K. This decreases the observed mobility in the low temperature
region. The experimental temperature range (77 to 300°K) has a limited geometrical
length on the abscissa of the mobility plot. The data points can, therefore; be
fit fairly well with straight lines - but these straight lines have decreased
slopes.

The results presented on Figures 4.6 and 4.7 indicate that lattice scattering
is the dominant charge carrier scattering mechanism in undoped ZnSb

The dates of measurement are included on Figure 4.7. They seem to indicate
that, with the exception of sample GV-13-1, the hole concentration in crystal
C-1081-C (removed from the crystal growth furnace on 7-10-64) was slowly decreas-
ing with time. The crystal may have been recovering after growth (Tambient =

425°C) in the manner discussed in Section 4.2.

4,4,3 Measurements on Copper Doped ZnSb

Figures 4.8 and 4.9 present results for crystal C-1078~C, which had a hole
concentration of about 4 x 1017 cm-3. The Hall curves show a slight slope -
corresponding to an apparent activation energy of 0.9 x 10"3 ev. This probably
does not represent a single energy level activation process. The doping level
is high enough so that the discrete acceptor energy level may have dispersed
into a band of levels of different energies(IG). This is especially true for
crystal C-1075-B (p = 1.1 x 1019 cnf3), which is shown by Figure 4.10. For this
crystal, the Hall coefficient appears to be independent of temperature in the
range of 77.3 to 325°K.

The Hall mobility curves, Figure 4.9 and 4.11, indicate that ionized impurity
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scattering is important at low temperatures. The most lightly doped crystal,
C-1078-C, is seen to have just about the same room temperature Hall mobility
as the undoped crystal, C-1081-C (Figure 4.11). It is also interesting to
note that the anisotropy in the Hall mobilities of crystal C-1078-C (Figure

4.9) is just about independent of temperature.

4.5 ANISOTROPY OF THE HALL COEFFICIENT

4.5.1 Introduction

There are three possible independent Hall coefficients in a crystal which
has orthorhombic symmetry. These are:

R = - R

123 213
Ryjp =~ Ry
Rys1 =~ Rip

The indicated equalities are those which are required by Onsager symmetry. Any
experimentally observed anisotropy between these Hall coefficients must be
accounted for in terms of the band structure and charge carrier scattering
models which are assumed for p-~type ZnSb. Consequently, it is important to
experimentally determine these Hall coefficients.

4.5.2 Measurements on Undoped P-Type ZnSb
(1)

on undoped ZnSb (p v 5 x 1016 cmr3)

The measurements of Kot and Kretsu
indicate that as much as a 50% anisotropy might be present in the Hall co-
efficients (refer to their Figure 2). The observations of this work - presented
in Figure 4.5 - show a similar variation in the measured Hall coefficients. How-
ever, the indicated 50% difference between R132 and R321 is as large as the 507
difference in two different determinations of R132 (samples GV-6-2 and 15-1).

This illustrates the difficulty involved in drawing conclusions about the
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anisotropies in any of the galvanomagnetic coefficients from measurements on
undoped crystals. Unless the measurement samples have exactly the same thermal
histories, the carrier precipitation phenomenum, which was discussed in Section
4.2, can lead to significant variations in hole concentration between sample

bars cut from the same, homogeneous portion of an undoped crystal. For this
reason, data taken on undoped p-type crystals is difficult to interpret. In fact,

the Kot and Kretsu(l)

paper is the only published account of the probable
anisotropies in any transport parameter that directly depends on the electrical
carrier concentration.

4.5.3 Measurements on Copper Doped Crystal C-1078-C

Hall coefficients were measured along with the magnetoresistance effect in

a number of galvanomagnétic samples cut from crystal C-1078-C. This sample had

a hole concentration (p = 1/Rq) of about 4 x 1017 cmn3 at room temperature. Thus,

the explicitly introduced acceptor doping level was 15 to 20 times higher than
the residual acceptor concentration level in undoped crystals. As a result,
carrier precipitation effects (Section 4.2) could cause only a maximum of 5 to
7% change in the net hole concentration. The average results which were obtained
are presented in Table 4.2.
TABLE 4.2
HALL COEFFICIENTS AT p ~ 4 x 10t em3

Crystal C-1078-C
300°K

R; 94 (R231) 14.1 +1 cm3/couloub (4 samples)

R = 16.3 +1 (6 samples)

132 R32)

R231 (R321) = 13.9 (1 sample)

(cont.)
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77.3°K
R123 (R231) = 15.7 +1 cm3/coulomb (4 samples)
R132 (R312) = 18.4 + 1.5 (6 samples)
R231 (R321) = 16.6 (1 sample)

The approximate scatter in the measurement results is indicated by the given
limits. Data for Rijk and Rjik were averaged tagether. The a.c. measurement
system indicates only the magnitude of a galvanomagnetic voltage - not the sign.

The results of Table 4.2 indicate that the Hall coefficient of p-type ZnSb
is isotropic. Kawasaki and Tanaka(ls) have obtained the same result for p-type
CdSh.

4.5.4 Measurements on More Heavily Doped Crystals

The following experiments were explicitly designed to more carefully
determine the degree of anisotropy between the Hall coefficients of p-type ZnSb.

Single crystal bars were cut in the form of rectangular parallelepipeds.
These bars had the "2" and "3" crystallographic directions as electric current
axes. Hall probes were mounted on each of the two pairs of longitudinal faces
of a bar. With the current axis mounted vertically, the sample could be rotated
so that two independent Hall coefficients could be measured at one time. In
this way, R o3 and R were measured on the "2" axis bar and R,,; and R

321 132

on the "3" axis bar. Onsager symmetry requires that R321 and R231 in absolute
magnitude. Hence, all three independent Hall coefficients were measured and
a homogeneity check between the two sample bars was obtained. The observed

results are presented in the tables which follow.



Crystal C-1073-B

300°K

77.3°K

Crystal C-1075-B

123

321

231

132

123

321

231

132

300°K

77.3°K

123

321

231

132

123

321

231

132
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TABLE 4.3

HALL COEFFICIENTS AT p ~ 5.5 x

11.9 cm3/coulomb

10.5
11.6

11.0

12.9
11.4
13.2

13.3

TABLE 4.4

sample

sample

sample

sample

HALL COEFFICIENTS AT p ~ 1.1 x

0.594
0.576
0.550

0.568

0.609
0.593
0.560

0.570

cm3/coulonb

cm3/coulomb

sample

sample

sample

Sample

GV-1-1

GV-2-1

GV-1-1

GV-2-1

GV-1-1

GV-2-1

GV-1-1

GV-2-1
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Except for the approximately 102 low value for R321 measured on crystal
C-1073~-B sample GV-1-1, the relative scatter in the above results is + 4Z.
It is concluded that the Hall effect is isotropic in p-type ZnSb. It is
interesting to note that this isotropy prevails even though there is appreciable
ionized impurity - charge carrier scattering present at the lower temperature.
This point is used in the discussion which appears in Chapter 5.

4.6 MAGNETIC FIELD DEPENDENCES OF THE HALL AND MAGNETORESISTANCE COEFFICIENTS

4.6.1 Introduction

In order to determine the region of applicability of the low magnetic field
solution of the Boltzmann equation (Appendix 2), it is important to check the
magnetic field dependences of the measured effects.

4.6.2 Hall Effect

16

The Hall effect has been measured in undoped (p ~ 3 x 10 cm-3) and copper

doped (p v 4 x 1017 cnr3, pv5.5x 1017 and p v 1.1 x 1019

cmr3) ZnSb at room
temperature and at liquid nitrogen temperature for magnetic fields between 250
gauss and 12.5 kilogauss. The measured Hall voltages were linear in B, showing
only an apparently non-systematic + 2 percent maximum deviation from a linear
field dependence. These fluctuations are within the experimental accuracy of the
measurement. Typical results are shown in Figure 4.12. Undoped crystals - having
the highest mobilities - would be expected to be the first to show high field

departures from a linear behavior.

4.6.3 Magnetoresistance

Magnetoresistance has been measured in the undoped and the lightly copper
doped samples referred to above at liquid nitrogen temperature for magnetic
field densities between 8 and 12.5 kg. The magnetoresistance follows a simple

B2 magnetic field dependence within + 5 percent. This is within the experimental
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accuracy of the measurement. No systematic deviations from a B2 dependence are
observed in the magnetic field range of 8 to 12.5 kg. Figure 4.16 shows the
field dependence of the magnetoresistance voltage of crystal C-1081-C (undoped)
sample GV-15-1. It is seen to be quadratic in B from 1.00 to 12.55 kg.

4.7 MAGNETORESISTANCE MEASUREMENTS ON P-TYPE ZnSb

4.7.1 Introduction

Magnetoresistance measurements are used as a method of exploring the symmetry
of the valence band of ZnSb.

The galvanomagnetic measurement instrumentation has been described in
Section 3.1.2. The 12 independent magnetoresistance coefficients to be measured

are:

P1111 P2211 P3311 P1212

Pl122 P2222 P3322 P1313

P1133 2233 P3333 P2323
Four measurements on each of three bars are required to measure all 12 of these
coefficients. For instance, by suitably changing the mounted position of the sample,
P1111° P1122° 1133 and Pr121 can be measured on one sample with the electric

current along the <100> direction. is measured with "Hall effect" probes

2121
on the <010> faces of the sample as the magnetic field is moved about in the
(001) plane of the sample.

The sample geometry which was used here has been described in Section 2.6.2
(and Figure 2.9) and the method of making electrical contacts described in Section
2.6.3. Figure 3.3 is a photograph of crystal C-1081-C, sample GV-15-1 mounted
for measurements. The longitudinal homogeneity of the magnetoresistance samples

was checked by measuring the Hall coefficient at two positions along the sample

axis (Figure 2.9). Occasionally, a three point probe resistivity profile was
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taken along the sample axis. These checks indicated that the sample which were
used had axial variations in hole density of less than 3 to 5%.

No attempt was made to directly measure the planar Hall coefficients(17),
p1212, p1313, and p2323. The magnitudes of these coefficients are inferred from
the usual type of magnetoresistance measurements on samples cut so that their
current axis was not along a principal crystallographic direction. These are
called "off-axis" samples in the following sections. This was done becuase
the very small magnetoresistance of p-type ZnSb makes the detection of a magneto-
resistance effect at ""Hall probes'" just about impossible with the measurement
techniques used here.

At 12.5 kg, the electric field component which gives rise to the Hall voltage
is roughly two orders of magnitude larger than the change in the longitudinal
component of the electric field which is caused by the magnetoresistance. As

- a result, the slightest departures from ideal galvanomagnetic sample geometry
will introduce a spurious Hall voltage component into the voltage measured at
the magnetoresistance probes. In practice, the measured magnetoresistance
voltage contains roughly an equal amount of spurious Hall voltage at 12.5 kg.
By suitably averaging voltages measured for both directions of the magnetic
field, the actual magnetoresistance voltage can be obtained. However,
especially below 10 kg, this procedure can amount to taking the difference of
two large numbers and can possibly introduce considerable error into the
magnetoresistance results. The absolute accuracy of the magnetoresistance
measurement, Ap/p‘Bz, is estimated to be between 5 percent and 10 percent,
depending upon the numerical magnitudes involved.

The experimentally observed angular dependence (angle betweenvg and-B)

of the magnetoresistance is presented in the 17 separate figures which follow.
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On these figures, brackets have been drawn that represent the total scatter

for all of the data points that correspond to a given angle between the magnetic
field and current axis of the sample. Except when the experimental points at a
given angle become too dense, horizontal hash marks locate the experimental value
of Ap/p°B2 for each magnetic field strength used. Data was usually taken with
magnetic flux densities between 8 and 12.5 kilogauss. Figure 4.16 presents

the observed magnetoresistance voltage of an undoped sample over the magnetic
field range of 1.0 to 12.55 kg.

The scatter of the individual data points within a given bracket seens to
bear no correlation to magnetic field strength. Hence, it must be concluded
that the observed magnetoresistance is quadratic in magnetic field strength.

The scatter of the individual data points mainly arises from the fact that the
magnetoresistance effect is so small in ZnSb. For instance, at 77.3°K in a
12.55 kg magnetic field, the largest observed changes in resistance are 2.1
percent and 0.3 percent for the undoped and copper doped samples, respectively.

Extensive magnetoresistance measurements were made at 77.3°K only. At

room temperature, the resistance changes were of the order of 0.01% and less.

These were too small to measure accurately with the equipment which was used.

4.7.2 Magnetoresistance Measurements on Undoped P-Type ZnSb

Figures 4.13, 4.14 and 4.15 present magnetoresistance results for the
electric current directed along the <100>, <010> and <001> crystal axes,
respectively. These results are included to give a qualitative picture of
the angular symmetry of the magnetoresistance measurements in p-type ZnSb,
pv2x 1016 cm_3.

The data which is presented indicates a longitudinal magnetoresistance

effect which is so small that it is reasonable to regard it as being residual.
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The observed longitudinal effects probably arise from local departures from sample
uniformity. These nonuniformities are principally local crystalline imperfections
and the finite size of the voltage contacts on the samples. Similar amounts of
residual longitudinal magnetoresistance appear in published data for n-type
GaAs(lg) and n-type 81(18).

The magnitudes of the illustrated transverse magnetoresistance effects are
not to be regarded as being quantitatively accurate. The observed transverse
effects would vary by as much as 507 between samples in the few reproducibility
checks that were made on these undoped samples.

Because of the apparent carrier precipitation effects which have been
discussed in Section 4.2, the carrier concentration in crystal C-1081-C was slowly
changing with time. This made the determination of the anisotropy in the
electrical resistivity and Hall effect impossible - since they depend directly
on the hole concentration, p. Ap/p° does not depend directly on p. However,
changing carrier concentrations do affect Ap/p° through the value of the
relaxation time, T, which is sensitive to the amount of ionized impurity
scattering which is present(zo). For these reasons, the major part of the

measurement effort was concentrated on a copper doped crystal.

4.7.3 Magnetoresistance Measurements on Coppeg Doped P-Type ZnSb

4.7.3.1 Electrical current directed along principal crystallographic axes

Figure 4.17 through 4.28 present the observed data. This data indicates
that the measurement results are reproducible to within 10Z from sample to
sample. These measurements were made on samples cut from crystal C-1078-C
which was copper doped - p v 4 x 1017 cm-3.

This data has the same qualitative features as the results which have

been presented for the undoped crystal in the preceding section. 1In particular,
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the longitudinal effects, plllllpll are very close to zero and

30d 04343/ 33
the corresponding angular variation curves follow a good cosze dependence.

As with the undoped crystal, p2222/p22 is about 20% of the corresponding trans-
verse effect. However it is still of the same absolute value as puu/p11 and
p3333/p33 - it only looks larger on a relative scale compared to the small
transverse effect, 92233/p22. Evidently, these residual effects are character-
istic of the degree of crystal uniformity and perfection. They are also
characteristic of the degree to which the ideally vanishingly small areas of

the voltage probe contacts have been approached in this work.

In an attempt to see if the sandblasted sample surfaces were responsible
for the residual value of p2222/p22, sample GV-13-1 had 15u of its surface
removed in an aqua regia etch., As Figure 4.22 shows, this had no appreciable
effect on the observed results. The Hall mobility vs. temperature curve for
this etched sample also coincided with that of sample GV-1-1 (sandblasted
surfaces) which has been shown in Figure 4.9.

If the valence band of ZnSb is characterized as a single ellipsoid, then
the fact that puu/p11 and p3333/p33 = 0 requires that two of the principal
axes of this ellipsoid lie along the <100> and <001> crystal axes. Thus, the
third axes of the ellipsoid must lie along the <010> crystal axis. Hence, it
is concluded that the approximately zero longitudinal magnetoresistance for
electric currents directed along each of the principal crystal axes indicates
that the energy surfaces of p-type ZnSb might be characterized by one or more
general ellipsoids which are oriented with their principal axes parallel to the
edges of the orthorhombic Brillouin zone.

The results of the magnetoresistance measurements are summarized in Table 4.5

The given valuesare arithmetric averages of 6 or more experimental values. These
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TABLE 4.5

MEASURED GALVANOMAGNETIC COEFFICIENTS FOR COPPER DOPED P-TYPE ZnSb

Crystal C-1078-C 77.3°K

pvix 1017 cm_3

= 1.40 (+ 0.10) x 10—2 (ohm-cm)

= 2.20 (+ 0.15) x 1072

= 0.95 (+ 0.07) x 1072

3
P13 = P312 = P31 = 16.9 + 1.3 cm”/coulomb

In units of (kilogauss)_2 and with a probable error of + 10%.

P P - p -
L o 2211 - 90 x 107’ B - 95 x1077
11 (5.8 x 10—7) 22 33
o - o e -
:122 - 143 x 107/ izzz ~ O 2322 = 157 x 107/
11 22 (14x10-7) 33
p - P - e
1133 _ o5 4 10”7 2233 _ o5 4 10”7 3333, , .
11 P22 P33 (6.8 x 10 )
-9 ’ 2
Pi313 =~ 24 (+6) x 10 ° (ohm-cm)/(kilogauss)
-9 refer to Section 4.7.3.2
P1gyp =~ 85 (@9 x 10
Prapy = -65 (+15) x 10_9 This value was not measured. It was inferred

from other data. This was done in Appendix 3.
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values were obtained on two or more samples (the one exception being p2211/922)
and at several magnetic field levels in the range of 8 to 12.5 kg. The average
values of the Hall coefficient (considered to be isotropic - refer to Section
4.5) and the averages of the measured values of the electrical resistivities
are also included. The limits of error have been included for the latter
quantities.
These experimentally determined, arithmetic averages for the magneto-
resistance coefficients were used to construct the curves of the form cosze,
sinze and cos26 + sin26 which appear on Figures 4.17 through 4.28.
It is of particular significance to note the apparent numerical symmetries
in the results shown in Table 4.5. Within the estimated probable error in the
experimentally determined values:
P2211/P22 = P3311/°33
P1122/°11 7 P3322/°33 4.7
P1133/P11 T P2233/P22

The significance of these results are discussed in Chapter 5.

4,7.3.2 Measurements on off-axis samples

Galvanomagnetic sample bars were cut with longitudinal axes (current axes)
which did not coincide with a principal axis direction of the crystal. These
bars were cut from crystal C-1078-C - on which most of the magnetoresistance
measurements were made. The bars are identified by the sample numbers GV-24-1,
GV-25-1 and GV-26-1. Figures 4.29 and 4.30 present the observed data. These
figures include sketches of the orientation of the individual bars with respect
to the principal axis system of the crystal. Sample GV-26-1 was cut from an
(001) plane wafer at 45° to the <100> and <010> directions. Sample GV-24-1

was cut from an (010) wafer at 45° to the <100> and <001> directions. Finally,
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sample GV-25-1 was cut from this same (010) wafer, but at 90° to the orientation
of GV-24-1. The magnetoresistance of the axial (parallel to the current) component
of the internal electric field was measured. Thus, the arrangement of the magneto-
resistance probes was the same as that of the previous galvanomagnetic samples
(Section 4.7.3.1) and is shown in Figure 2.9.

Using the results of Appendix 3, it can be shown that, with the electric
current at 45° to the <100> and <001> directions and in the (010) plane, the
measured magnetoresistance is given by:

WY

2

1

1 _

P11%P33

++ +p....) sinZe + 2p sinZ6] (4.8)
2 (P1133 % P33y 1313 .

The plane of rotation of the magnetic field vector'i, and the angular reference
for 6 are given on Figure 4.30. This equation describes the measurement results
for samples GV-24-1 and GV-25-1. A similar equation can be written to describe
the measurement results for sample GV-26-1. At & = 0° (transverse magneto-

resistance) Eq. 4.8 becomes:

Lo o1
Jon? Cores, ) CPriaa * Pazgy) (4.9)

o ©
pll’ 933, p1122 and p3322 have all been determined by the previous measurements.
The experimental values are presented in Table 4.5. Inserting these in Eq. 4.8
yields:
L2 (9= 0" =150 x 1077 (kilogauss)
p°B
which is in excellent agreement with the average measured value of about

153 x 10_7 which is indicated on Figure 4.30.
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At 6 = 90° (longitudinal magnetoresistance):

Bp .%(—-——1 + 45

SN ) (pyy33 * P33y (4.10)

1313)

-] (-]
Inserting values for P11° P330 P1133 and 3311 from Table 4.5 as well as the
average measured value for Ap/p'B2 (at this angle) from Figure 4.30 yields
an equation which can be solved for P1313° The value so determined is:

9 (ohm-cm)
(kilogauss)2

1313 24 x 10

Following the same procedure with the data of Figure 4.29 for sample GV-26-1

yields:
9 (ohm-cm)
(kilogauss)2

These values have been included in Table 4.5. Pp3p3 Was not determined
experimentally. Its value can be inferred from the above two results once a
model for the valence band of ZnSb has been formulated. This has been done in
Appendix 3 by using the model developed in Chapter 5. Since the above values
were determined by subtracting two experimentally measured magnetoresistance
voltage ratios, a probable error as high as + 25Z should be assigned to them.

The observed off-axis longitudinal magnetoresistance is almost as small
as the on-axis longitudinal magnetoresistances which are considered to be
residual (Section 4.7.3.1). Thus, it is uncertain as to how much of the
magnitude of the observed off-axis longitudinal magnetoresistance is actually
real. This point is dealt with in Section 5.6.2.

The developments in Appendix 3 indicate that it is reasonable to expect

the off-axis longitudinal magnetoresistance to be zero.
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CHAPTER 5
MODEL FOR THE ELECTRONIC TRANSPORT PROCESSES IN P-TYPE ZnSb

5.1 INTRODUCTION

This chapter presents a model for the electronic transport properties of
p-type 2ZnSb. This model explains the following observed properties of p-type
ZnSb:
1. Isotropic thermoelectric power (Section 4.3.2)
2. Isotropic Hall coefficients (Section 4.5)
3. The qualitative symmetry of the magnetoresistance measurements, namely
that the longitudinal effects vanish. (Section 4.7 and Figures 4.13-
4.30)

4, The numerical symmetry observed in experimentally measured magneto-—
resistance ratios. (Section 4.7.3.1, Table 4.5 and Equation 4.7).

5.2 QUALITATIVE IMPLICATIONS OF THE MAGNETORESISTANCE MEASUREMENTS

The longitudinal magnetoresistance vanishes within reasonable experimental
error when the electric current is directed along the principal axes of the
crystal. This implies that the valence band can be characterized by one or
more general ellipsoids which are oriented with their principal axes along the
<100> <010> and <001> directions of the crystal.

The cyclotron resonance work of Stevenson(l) did not disclose the sign
of the charge carrier which was responsible for the single observed resonance
line (refer to Table 1.1). He was able to fit his data to a single zone
centered ellipsoid of revolution (about the a axis). This geometry is a
special case of the model which is developed here. Since it did not disclose
the sign of the charge carrier and since only one resonance peak was observed,

no further use will be made of this work.
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The observed symmetry in the magnetoresistance measurements can be
accounted for in terms of a valence band which has a surface of constant
energy in the shape of a single general ellipsoid. This single, general
ellipsoidal band is assumed to be centered at the point I' (i.e., k = (0,0,0)),
Figure 5.1(b). From his group theoretical study of the ZnSb crystal structure,

(6)‘has shown that the gradient of E(g) is zero - in all directions -

Khartsiev
at the symmetry points T and R. These have been shown in Figure 5.1(b).

The transport measurements which were made in this work offer no
possibility of unambiguously establishing whether a single or many valley
valence band is present. The fact that the off-axis longitudinal magneto-
resistance is approximately zero (Figures 4.29 and 4.30, Section 5.6.2 and
Appendix 3) indicates that a many valley band structure would have to contain
ellipsoids which had the same relative spatial orientation. This rules out
a many valley structure such as that of n-type silicon. A single valley
valence band structure will be developed for a model in this work.

Finally, it should be noted that the lack of a magnetic field dependence
in the measured Hall coefficients and magnetoresistance quantities,

Ap/p’Bz, (refer to Section 4.6) indicated that a "light hole'" band (e.g.
p-type germanium) is not present. Also, in comparison with data on p-type
germanium and silicon, these results on ZnSb infer that serious warping of

the valence band is not present.

5.3 THEORETICAL DEVELOPMENT

The transport coefficients for a general ellipsoid have been derived
from a solution of the Boltzmann equation. In Appendix 2, results are

presented for the:
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1. Thermoelectric power

2. Electronic contribution to the thermal conductivity

3. Electrical resistivity

4. Hall coefficients

5. Magnetoresistance coefficients.
These analytical results and a summary of the approximations which were used in
solving the Boltzmann equation are summarized in Sections A.2.1 and A.2.7. 1In
particular, the relaxation time was assumed to be a diagonal tensor when
referred to the coordinate system in which the effective mass is diagonal. The
elements of the relaxation time are assumed to be functions of energy only. Each
element can possibly be a different function of energy. This assumed form of
the relaxation time is in accordance with the work of Herring and Vog:(z),
who have shown that scattering processes which either conserve energy or
randomize particle velocity can be approximated by relaxation times of this form.
This includes ionized impurity scattering and scattering by acoustic phonons.

In the following discussion, it will be assumed that the action of two
or more simultaneous scattering mechanisms can be represented by:

Tl ) ) + ... (5.1)
net ii A it 1 ii

]
~

where (TA)ii and (T are the relaxation time tensor elements for acoustic

I)ii
phonon and ionized impurity scattering, respectively. The presense of additional
scattering mechanisms, such as neutral impurity scattering, will not be
considered.

The following functional forms for the net relaxation time will be

considered:
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A. Constant relaxation time:
-]

T =T a constant

B. Constant tensor relaxation time:

where A,B,C are constants

~

(]
co»
owo
oo

C. Scalar function of energy relaxation time:
T = F(E), F(E) is a function of electron (hole) energy

D. Relaxation time tensor with a factorable energy dependence

11 0 0
T = 0 1, 0 F(E)
0 0 r3

where T T, and T4 are constants (not necessarily equal) and F(E)
is some function of energy.

E. Relaxation time tensor with an unfactorable energy dependence:

TI(E) 0
T = 0 7, (E) 0
0 0 13(E)

Figure 5.1(a) shows the shape and dimensions of the primitive orthorhombic
unit cell of the ZnSb crystal structure. Figure 5.1(b) shows one octant of
the first Brillouin zone of ZnSb. Finally, anticipating the results of
Section 5.7, Figure 5.1(c) presents one octant of a surface of constant energy
for one possible model of the ZnSb valence band.

5.4 ISOTROPY OF THE THERMOELECTRIC POWER

As discussed in Section 4.3.2 and illustrated by Figure 4.3, the thermo-
electric power of p~type ZnSb is isotropic. For a single general ellipsoid

the thermoelectric power has the form (Eq. A.2.84):
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<(E—EF)r >
1 ii
P ShrTaras 513 : _ (5.2)

It is seen that relaxation times of the forms A, B, C, and D, above,
will give an isotropic thermoelectric power. In general a relaxation time
of the form E will not give an isotropic thermoelectric power.

5.5 ISOTROPY OF THE HALL COEFFICIENT

As discussed in Section 4.5 and illustrated by Tables 4.2, 4.3 and 4.4 the
Hall coefficients of p-type ZnSb are isotropic. For a single general ellipsoid
the Hall coefficient of ZnSb has the form (Eq. A.2.88):

<t T,.,>

- - 1 1f 11
pijk E::ljk Pq <111><Tjj> (5.3)

It is seen that relaxation times of the form A, B, € and D, above, will give
an isotropic Hall effect. In general a relaxation time of the form E will not
give 1isotropic Hall coefficients.

5.6 OBSERVATIONS FROM THE MAGNETORESISTANCE MEASUREMENTS

5.6.1 Numerical Symmetry in the On-Axis Measurements

As mentioned in Section 4.7.3.1 and shown by Table 4.5 the following
numerical symmetry was observed in the results of the magnetoresistance

measurements :

P2211/P22 = P3311/P33 (5.4)
(90 x 10”7 = 95 x 1077)
P11227P11 = P33227°33 (5.5)
(143x1077 = 157x1077)
Pu133/Pu " P2233/°22 (5.6)
(53 x 107" = 50 x 1077)
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The observed numerical results have been inserted beneath the literal
expressions. Using Equations A.2.89 it is seen that:

P22117P22 = P3311/P33

implies that:

2 | [ 2 | 2]
P4 “Typ” 1 | “T22 33> Ty T33”
m pm 2 2
2 3L <’ <T22” <33 |
\ T, - (5.7)
_ P9 T3y 1 | STaz Tao® | “Ta3 T2o”
m pm 2 2
3 2 i <133? <133> <T22>J
which reduces to:
<T 2 T > <7 > = <T 2 T ><T > (5.8)
22 T33” a3 33 22722

Notice that alrelaxation time of the forms A or B will give a magnetoresistance
which is identically zero.' Thus, the above expressions are satisfied trivially
and have no physical significance. Relaxation times of the form C and D will
satisfy Eq. 5.6. A relaxation time of the form E will not, in general, satisfy
Eq. 5.6.

Similarly Equations 5.5 and 5.6 imply that:

2 2
11 %22 <Ta2? T2 T117"11 (5.9)

2 2
<t T..> CT_.> = <133 11><111> (5.10)

11 33 33

<t
T
The above discussion applies here, also. These equations are satisfied, in

general, only by relaxation times of the form C and D.

5.6.2 Longitudinal Magnetoresistance on Off-Axis Samples

As was mentioned in Section 4.7.3.1 and shown by Figures 4.29 and 4.30,
the off-axis longitudinal magnetoresistance is close to zero in the two

different off-axis orientations which were measured. Intuitively this might
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be a disturbing result. It might be expected that a zero longitudinal magneto-

resistance would be observed only when B and J are parallel to a principal axis

of a valence band which has a general ellipsoid for a constant energy surface.
However, as is shown in Appendix 3, the longitudinal magnetoresistance

of an energy band which has a general ellipsoid for a constant energy surface

vanishes regardless of the direction of the electric current density vector.

This result is only true, in general, for relaxation times of the form C and D

of Section 5.2. Hence, the fact that the observed longitudinal magnetoresistance

is practically zero is entirely consistent with the single general ellipsoid

valence band model.

5.6.3 Probable Form of the Relaxation Time

The above discussion reasonably establishes that a relaxation time
appropriate to p-type ZnSb is either a scalar function of energy (form C of
Section 5.2)

T = F(E) (5.11)

or a tensor with a factorable energy dependence:

1
T ={ O T, 0 |F(E) (form D of (5.12)
0 0 Section 5.2)

where T 2’ and T, are constants.

1 T
A relaxation time with either of these two forms will account for the
experimentally observed:

1. Isotropic thermoelectric power (at 0°C).

2. Isotropic Hall effect (300°K and 77.3°K).

3. Numerical symmetry in the on-axis (3 parallel to a principal

crystal axis) longitudinal magnetoresistance results (77.3°K).
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4. Approximately zero longitudinal magnetoresistance off-axis (3
not parallel to a principal crystal axis) (77.3°K).
The above relaxation times, forms C and D, fit the symmetry of the observed
results even though mixed scattering is important - especially at 77.3°K
in the magnetoresistance samples cut from crystal C-1078-C (refer to the Hall
mobility vs. temperature curves on Figure 4.9).

For scattering by acoustical phonons:

~1/2
(104 = (13(M)y, E (5.13)
and for scattering by ionized impurities:
- +3/2

where TX(T) and TE(T) are temperature dependent coefficients. Combining

these two expressions according to Eq. 5.1 yields:

1 +
) z Vi ™ ( %; ) E 1/2 + ( %7 ) E
net {ii A ii I i1

-3/2

( (5.15)

T

where 1 = 1, 2, 3.

From the functional form of Eq. 5.15 it is seen that the net relaxation
time will be an isotropic function of energy (form C or Eq. 5.11) if there is
no anisotropy in the acoustic phonon or ionized impurity scattering. On the
other hand the net relaxation time will be a tensor with a factorable energy
dependence (form D or Eq. 5.12) only if both acoustic phonon and ionized
impurity scattering have the same anisotropy.

There is no reason to chosse relaxation form C over relaxation form D
without further experimental work on ZnSb. This work would include a reliable
determination of the effective masses of the holes, of the velocities of sound,

the deformation potentials and the static dielectric constants of ZnSb.
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5.7 COMPARISON OF MAGNETORESISTANCE AND MOBILITY RATIOS

Using the results of Appendix 2 (Equations A.2.87, 88 and 89) it is seen

that the magnetoresistance:

piijj - 1 q2 [<F(E)3> _ <F(E)2>2}

(5.16)
and the Hall mobility:
2
I <F(E)™>
P11 B, 1 <F(®)> (5.17)
and the electrical conductivity
o, = + pa’ <F(E)> (5.18)
i1 8 *

i

where 1 # § # k and can range over any of the six permutations of 1, 2 and 3.

In the above:
m
8 = ( .

1 7, )s

1=1,2,3 (5.19)

The relaxation time has been assumed to be of form D:

Y 0 0
Tij = 0 T, 0 F(E)
0 0 13

where 13 ¢ T, ¢ T, and all are constants at a given temperature. F(E) is a
function of energy. Finally, the above forms of Equation 5.17, 5.18 and 5.19
have been derived for a valence band of a general ellipsoidal form and which
has its principal axes parallel to the principal axes of the crystal.

Notice that a direct check on the validity of the magnetoresistance
results can be made. Using the calculated magnetoresistance coefficients

and taking care to use ratios that contain only one form of Pyqt



-128-

PragpfPis By (5.20)
Pskk’Pit B

Likewise, using the Hall mobilities:

Yk 8
T = El (5.21)
1] k
and the electrical conductivities:
g B
e . 'El (5.22)
13 k

The results obtained are summarized in Table 5.1. The magnetoresistance
results of Table 4.5 were used to compute the magnetoresistance ratios. Notice
that if the relaxation is isotropic (form C), then the ratios of the Bii's are
actually equal to the ratios of the hole effective masses. A sketch of one
quadrant of a surface of constant energy in the valence band, calculated
under this assumption, appears as Figure 5.1(c). This table shows that the
magnetoresistance data is entirely consistent with the Hall mobility and

electrical conductivity data. The magnetoresistance ratios e.g.;

P3311/P 11
P3322/P32
have a probable accuracy of about + 10% and the mobility and conductivity
ratios about + 5Z.
The observed numerical agreement in Table 5.1 is a demonstration of the

validity of the band structure model assumed for p-type ZnSb.
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TABLE 5.1
COMPARISON OF MAGNETORESISTANCE RATIOS
AND THE RATIOS OF HALL MOBILITIES
OR ELECTRICAL CONDUCTIVITIES
All of the following quantities were measured experimentally:

A. MAGNETORESISTANCE RATIOS:

Crystal C-1078-C, p ~ 4 x 10! cm 3, 77.3°K

Data taken from Table 4.5:

P1133/P11 Bq 53

SRHL L 2 2 . 0y
1122/°11 2

Pan1/Pa3  B1 g5 0.61

-—————-——p /p = 8 = 15 - R
33227P33 2

Pr233/P25 Bq 50

———'-—-p 7o = —B— = 5_6 = 0.56
22117°22 1

B. HALL MOBILITY RATIOS:

(1). Crystal C-1078-C, p ~ 4 x 10%7 em 3, 77.3°K
Data shown on Figure 4.9:
8 B
L BB 0 e L Bl 06
c 2 a 2
B
0
-2 "El - %%26 = 0.62
c 1
17 "3 o
(2). Crystal C-1078-C, p ~ 4 x 107" ecm ~, 300°K
Data shown on Figure 4.9:
B , B
. = = 22 = 0.39; EE == 22 . 0.67
e B2 a ©2
w8
-2 --;3 - %%% = 0.57
c 1
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(3). Komiya, Masumoto and Fan(s), pVv2x 1016 cm-3, 273°K
Undoped crystal, their Figure 2:

i,igz_l(.).=o34.i,ﬁ=-2-];9-=052
Mo 82 620 My Bz 405
u B

a 3 405
— & == = —=— = (0,65
uc B1 620

(4). Crystal C-1081-C, p ~ 2 x 106 cm‘3, 273°K

Undoped crystal, data shown on Figures 4.6 and 4.7:

B
330 5 %1330
= 0.40; >~ 520

0.63
8}0 My ]

w8
2. 3,320 _ ¢,

830

n
[

C. ELECTRICAL CONDUCTIVITY RATIOS:

Crystal C-1075-B, p ~ 1.1 x 10!7 em 3

Typical of the data of Figure 4.3:

» 273°K

"3 a0

%
;— -‘§; 950 = (0.39;

c

Q
™

3 _ 614

a
— = —— 3 ——— = ()
[+

c 1 950
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5.8 ESTIMATION OF THE EFFECTIVE MASSES

Using thermoelectric power data, the carrier concentration obtained from
Hall effect measurements, and an assumed form of the relaxation time, the
density of states effective mass can be estimated.(7) Using experimental
results for crystal C-1078-C at 0°C and assuming that lattice scattering
(acoustic phonon scattering) is dominant at 0°C (see Figure 4.9), the value
obtained is:

m, = 0.42 m (5.23)

where mo is the rest mass of a free electron.

From Appendix 2, Equation A.2.68:
1/3

m, = (m1 m, m3) (5.24)
Assuming that the relaxation time is isotropic, Table 5.1 yields

= 0.61
(5.25)

ol N

Combining these equations yields:
m = 0.42 m
m, = 0.69 m (5.26)
m, = 0.26 m

These results are only approximate.
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CHAPTER 6
SUMMARY AND RECOMMENDATIONS FOR FURTHER WORK

6.1 SUMMARY

This work has described the preparation, growth, doping, and cutting of
p-type ZnSb single crystals (Chapter 2). Instrumentation and techniques for
the measurement of the thermoelectric power and thermal conductivity (at 0°C),
electrical resistivity and Hall mobility (77.3°K to 325°K), and magneto-
resistance at 77.3°K have been described (Chapter 3) and the measurement results
presented (Chapter 4). Reversible changes in the hole concentrations of undoped
crystals were found to occur under.annealing at elevated temperatures (Chapter 4).

Measurements at 0°C indicate (Section 4.3.4) a maximum thermoelectric

3 (°K)-1. The figure of merit may be considerably

figure of merit of 0.74 x 10
improved by reducing the comparatively large thermal conductivity of the single
crystals (0.037 watts/cm-°K as opposed to “0.014 for polycrystalline material).
The experimentally observed results of the galvanomagnetic measurements
have been shown (Chapter 5) to be consistent with a model of the valence band
which assumes that:
1. A single ellipsoid describes a surface of constant energy. This
ellipsoid is assumed to be a general ellipsoid with the corresponding

effective masses, m,, m, and m,. The principal axes of this ellipsoid

1’ 2

coincide with those of the crystal.

2. The relaxation time is either a scalar function of energy or a
diagonal tensor with a factorable energy dependence. This tensor has
been assumed to be diagonal in the principal axis system for the crystal.
A numerical comparison (Table 5.1) of equalities in magnetoresistance

ratios and Hall mobility ratios has been made. The relations expected from

the above model of the conduction processes have been observed and are found
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to be in good agreement.

6.2 RECOMMENDATIONS FOR FURTHER WORK

It is felt that immediate experimental effort is best placed in the follow-
ing areas:

1. The growth of single crystal in controlled atmospheres of antimony or
zinc vapor should be investigated. The resulting control of crystal
stoichiometry may result in the production of n-type single crystals. Up
to the present time chemical doping has not produced n-type crystals.
2. The annealing phenomena--the increase in hole concentration with
increased ambient temperature-~should be investigated. The specific aréas
in which further work is needed have been outlined in Section 4.2.4.
There is probably a direct link between this observed phenomena and the
high temperature (400°C) instabilities which previous workers have
observed in thermoelectric elements constructed from ZnSb.
3. Attempts should be made to reduce the large lattice contribution to
the thermal conductivity of this material. This could possibly be
done by incorporating a third atom into the zinc antimonide crystal
lattice.
4. Detailed galvanomagnetic measurements should be extended to undoped,

\ p-type material. The measurement program which is used must insure
that each measurement sample has an identical thermal history. This
will avoid the changes in carrier concentration with time that have
been observed on annealed crystals in this work. Hopefully, the results
of these galvanomagnetic measurements would confirm the model of the
conduction processes in p-type ZnSb which has been developed in this

work.
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5. An independent and unambiguous determination of the absolute effective
masses of the charge carriers should be made. This can be done by
cyclotron resonance or the magnetooptical techniques. These experiments
would hopefully substantiate the valence band model which has been
proposed in this work. It would be also then possible to obtain a

direct measure of the possible anisotropy in the relaxation time for holes

in ZnSb.
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APPENDIX I

MACROSCOPIC SYMMETRY CONSIDERATIONS IN THE D2h POINT GROUP

Each of the second order transport tensors, such as electrical and thermal
conductivity, and thermoelectric power, can be phenomenologically expanded as a
Taylor series in magnetic field strength. In the limit of low enough magnetic
field strengths, the sum of the first few terms of the Taylor series expansion
will supply a good approximation to the actual numerical value of any one of the
elements of the second order transport tensors. The coefficients corresponding
to the same power of magnetic field strength in the phenomenological expansions
can be grouped together in such a way that they themselves are the elements of
tensors or pseudotensors. These tensors are of rank two or greater. The
putrpose of this appendix is to derive the zero elements of these phenomenological
tensors from macroscopic symmetry considerations.

Before continuing it is of interest to note that Ti02, gallium, crystalline
benzol, cadmium antimonide and materials with the Olivine crystal structure
share the same point group with zinc antimonide.

The Dég space group contains three mutually perpendicular, right handed,
180° screw axes and a center of inversion as its non-trivial microscopic
symmetry elements. For the purpose of macroscopic transport experiments, the
one half of a unit cell edge translation in a screw symmetry operation is not
detectable. Hence the pertinent symmetry properties can be characterized as
those of the D2h point group. These are three mutually perpendicular two-
fold rotation axes and a center of inversion. These are equivalent to three
mutually perpendicular reflection planes. Choosing the former representation,

the generating operations, in the principal coordinate system of the unit cell,

are:




II.

III.

Iv.
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180° rotation about the "1" ("x" or "a") axis:

(a,.)

13

)

o O =

180° rotation about the "2" ("y" or "b") axis:

(a,,)

1]

o

)

180° rotation about the "3" ("z" or "c") axis:

(aij)
Center of inversion:

(aij)
Identity operation:

(aij)

1 1
Ao N Ao N
) )
o = o © = o
i

0

0
0
1
0
0
1
0
0
1

8
/4;’:;575\
- o

The electrical resistivity will be used as an example in the following cal-

culation.

It should be remembered that the results of the calculation,

excluding those algebraic condensations resulting from the application of

Onsager symmetry, apply to any second order tensor crystal property that can

be expanded, at least formally, in a Taylor series in the magnetic fileld.

From the definition of a tensor:

pi'j'(Hl', Hzl’ H3') = aili ajfj pij(Hl’ H29 H3)
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where a coordinate in the transformed coordinate system is denoted by a primed
subscript. The Einstein summation convention is used here unless otherwise
stated. The implicit dependence on magnetic field strength, ﬁ, is denoted by
the functional indication of the magnetic field strength components, Hl’ H2,

H3. The magnetic field strength is a pseudovector, that is
Hoo = [lall apy By
where ||a|| is the determinant of the transformation matrix, aij'

Applying symmetry operation I(180° rotation about the x or "1" axis),

it is seen that:

pltll(Hll! Hzl’ H3l) = pll(Hl’ Hz’ H3)

where Hl' = ‘Hl
HZ' = -H2
Hy = H,

Since the transformation is a symmetry operation, the (1') axis is experimentally

equivalent to the (1) axis. Thus:
pp1(Hys Hys “Hy) = 0y (), Hy, Hy)
Applying symmetry operation II:
Py (Hys Hys ~Hy) = 0y (), Hy, Hy)
Applying symmetry operation III:
pll(-Hl, _H2! H3) = pll(Hl’ Hz’ H3)
The other symmetry operations, or combinations thereof, yield no new information.

The above three symmetry results indicate that a Taylor series expansion

of pll(ﬁ):
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> (-]
Py = o070 et * P e P tkenkMetn T P1ikemn ey (A-1D)

must be functionally even in H2, H3, even in Hl, H3, and even in Hl’ HZ'

Hence, the zero field resistivity:

-]
11 #0

The component of the Hall effect tensor:

P11k 0

The P11k component of the magnetoresistance tensor is a second rank tensor.

It has nine elements. In order to systematically consider the elements of this
tensor, the following cases may be defined:

Case I: k = 2
Thus Pl1ke = Plikk’ (3 elements)

From the above results of the symmetry considerations, it is seen that:

P1111° P1122° P1133 7 ©

Case II: k # 2 (6 elements)
The above results of the symmetry considerations it is seen that:

Pl1kg = 0 for k # ¢

Continuing with the next Taylor series term which is cubic in H:

Plikim
it is seen that twenty-seven elements have to be considered. Proceeding in a
systematic fashion, the following cases can be considered:
Case I: k=2 =m (3 elements)

Thus: 0930 0m ™ Plikkk

From the above results of the symmetry considerations:

P11kkk 0
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Case II: k=2 #m (18 elements)
It should be remembered that since k, %, and m are dummy indices which are used

in the Einstein summation convention within the Taylor series expansion:

Plikem BkHeln = Primex HulgHy» ete:

The condition k = £ ¥ m is equivalent to k # £ = m. At any rate, reasoning

from symmetry, as above:

Plikke = Plikak ~ P1igkk = ©

Case I11: k# L #m (6 elements)

In this case (without the application of Onsager symmetry):

P11123 = P11231 < 11312 T P11213 " P11321 " P11132 7 O

The possible non-zero nature of these elements follows from the symmetry
arguments. The equality of these six elements follows from the fact that
they are simply symbols for equivalent partial derivatives in a Taylor series
expansion. Notice that 3 + 18 + 6 = 27, Thus, all possible twenty-seven
elements have been considered.

Finally consider:

P11k 2mn

which is quartic in H. In this case, eighty-one elements must be considered.

Proceeding systematically:

Case I: k== m=n (3 elements)

P 1kkkk T O
Case II: k=2 ¥ m=n (18 elements)

Prikkee ¥ O
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Case III: k= 2=m# n (24 elements)

Plikkks = ©

Case IV: k= 2#m# n (36 elements)

Py 1kkm = ©

Notice again that 3 + 18 + 24 + 36 = 81,
Collecting these results, including a summation of equivalent terms in the

Taylor series expansion:
_ e 2 2 2
P11 = ogy Fer011Br *F Pri2oy * Pra3atly * 6Ppp123t ol

4 4 4 2
o1t * Prize22® t P113333tls t 001111001

2 2.2
+ 607111330105 * 60775933t0H3

H (A.1.2)
H3
through fourth order terms in H and without the application of Onsager symmetry.
The expansion of the other eight elements of pij(ﬁ) can be derived in
exactly the same manner. Table A-I summarizes the results of the complete
calculation. The proper multiplicative numerical factors which result from the
summation of equivalent terms in the Taylor series expansion are included. Notice
that Onsager symmetry has not been introduced as yet. Hence, these results can
be applied to the small magnetic field expansions of any second order tensor
property of a D2h point group crystal.
The electrical resistivity should exhibit the following Onsager symmetry:
(-ﬁ). In addition to supplying relations between off diagonal

N
°13(H) = Py

elements, this additional condition requires that: P11123 = 0.

P22123 © P33123 ©

Each of the above results may be recovered from the following expansion. 1In

this expansion the Einstein summation convention has been abandoned. The literal

subscripts mean that the components are to be assigned according to the following

list of permutations:

W N = [
=W N
N - W
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In general, throughout this work ﬁ is used in the magnetic field
expansions. This should cause no confusion, since it can be assumed
that B = uoH for non-ferromagnetic crystals, where H, is the permeability
of free space, W, = 4 x 10_'7 henries per meter. The results of this

appendix are valid whether B or i is used in the expansions.
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APPENDIX 2
THEORETICAL DERIVATION OF THE TRANSPORT COEFFICIENTS OF A GENERAL ELLIPSOID

A2.1 THE BOLTZMANN TRANSPORT EQUATION

The Boltzmann transport equation is the continuity equation in phase space.

Numerous textbooks and other references discuss the formulation of this

equation and methods of solution(l-s).

Using M.K.S. units, this equation may be written as:

of > of
e +k *VE+r o VE = ( ¢t )

here: f = the statistical distribution function which distributes
electrons (or holes) over the available energy states.
k = the wave vector which is used to label the energy states
in reciprocal space.
r = the real space coordinates of an electron.
—=) = the time rate of change in the electronic (hole) dis-
tribution function due to "collision" interactions.

V = the gradient operator in real space.

> 9 ) )
v (1x 9x + I& oy + 1’z 32)

] + 9 > 3
VE = (Tx ax + iy dy + iz az)f
%J- the gradient operator in reciprocal space:
24 9 ) + 2
Ve, ok, " Ly ik ez )

~s ] +> 9 9
Ve - d,, W iy ok, +1, akz)f

>
where the Ix’ ikx’ etc. are the appropriate unit vectors.
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In general, the distribution function is a function of real space and reciprocal
space coordinates:
£ = £(k,1)

In the steady state (constant applied fields) the Boltzmann equation

becomes:
> o~ S af
k *VE+r ¢« Vf = (3;? (A.2.1)
c
Now, it has been shawn that:(3)
z=v=m"'% (A.2.2)
Re ) r=qm) 1 (2+7xD) (A.2.3)

h_ h being Planck's constant (h=6.628 x 10-'34 joule-sec.)

=
]

where:

2n’
E = E(ﬁ) = describes the total energy of a single electron with
wave vector K in reciprocal space.

© = the total electric field which acts on an electron (hole).
F = the accelerating force due to electromagnetic fields.
q = the total charge of the electrical conduction species.

= - 1.601 x 10”1 coulomb for electrons.

= + 1.601 x 10717 coulomb for holes.
B = the applied magnetic flux density in Webers/mz.

Hence, the Boltzmann equation becomes:

@)l Era 1 TexB) - Ve+ @) VE - ove = (ig{-) (A.2.4)
[

Once again, note that q is numerically negative for electron conduction and
numerically positive for hale conduction.

Assume that the conduction medium is chemically homogeneous. Then, in

equilibrium:
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1
E(K)-EF
1 + exp (—T)

£(k,r) = £°(K,r) = £°(K) =

where £°(k) is the Fermi-Dirac distribution function.
Here: k = Boltzmann's constant, 1.38 x 10723 joule/°K.
(not to be confused with the wave vector, f, which will
always be written as a vector).
EF = the Fermi level, or electrochemical potential of the particular
conduction species (holes or electromns).

It should be noted that EF is an explicit function of the absolute
temperature T. When a temperature gradient is applied to the conduction
medium, T becomes an explicit function of position and, therefore, EF(T)
is an implicit function of position in real space.

If the applied fields only slightly perturb the distribution function

from its equilibrium value, the perturbed distribution function may be

written as:

f(k,z) = £° -G « () VE= + ... (A.2.5)

-1 o, 3f°
)

This is equivalent to expanding the distribution function in spherical
harmonics in reciprocal space(s). Here, ¢ is an explicit function of
energy only and the "equilibrium" distribution function, f°, can vary with
position in real space due to the applied temperature gradient:

1
E) - Ep(T)

£o(k,r) =

1 + exp
KT(T)

It is now assumed that surfaces of constant electron (hole) energy in

reciprocal space are general ellipsoids. That is:
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2 2 2
2k k k
ey =5 (2 + 2+ 32
1 ) 03
2 PR 2
0 SR S S i
=5k (g ) ck=o"k W -k (A.2.6)
where
i— 0 0
1
" SUNE
1 - 1
(=) = W = 0 = 0 (A.2.7)
m,
2
0 0 L
m

is the reciprocal effective mass tensor. The following convention regarding
sbuscripts is also being introduced here: Whether in real space or
reciprocal space

"x" component — "1"

lly" Component — l|2||

"z" component — "3"

The presence of one energy extremum will be assumed and it is assumed
that the principle coordinates of the ellipsoidal approximation to this
extremum coincide with the Cartesian coordinates of reciprocal space. Hence,
the effective mass is a diagonal tensor in this coordinate system.

It is now assumed that a tensor relaxation time exists in a form

defined by
of
of S el -1 ~ o)
q;pc Ge*ve () ° VE ol (A.2.8)

a.h
Here, v is the inverse tensor to the following relaxation time tensor:

111 0 0 - 0 0
T = 0 T 0 s v= (1) = 0 — 0
22 1
22 1
0 0 T 0 0 -

w
-
A

33[ (a.2.9)
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The relaxation time tensor is assumed to be diagonal in the same coordinate

system as the effective mass. In general, 7

, and 1t can be different

11’ 22 33
functions of energy. Korenblit(6) has considered the case where the assumed

relaxation time is not diagonal in the same coordinate system as the effective

mass tensor.

= -]
If t T Gij (where 6ij

the collision term reduces to the familiar:

is the Kronecker delta), the above form for

f-£°
(_a'g) = - T°

The Boltzmann equation, Eq. A.2.4, can be linearized by inserting the
assumed form for the perturbed distribution function, Eq. A.2.5, performing

the differential operations and keeping only the lowest order non-vanishing

terms.
With: f=f@®,3 =£-¢- @tV %%7
Vf = VE° =T %%o v( E%EE )
-1 e L vdy - L o) (A.2.10)
and:
Ve = ¥ - @ - @ W% K
S WA a7l e (& e
3E 3E 3E 3E
- @ @ :zgo% (A.2.11)

In Eq. A.2.11, only the first term is important when vector scalar product
multiplied into the Z term of the Boltzmann equation. The second term of
Eq. A.2.11 is the only term that gives a non-zero contribution when vector

scalar product multiplied into the VE x E term of the Boltzmann equation.



-150-

This is because

Thus, collecting Eq. A.2.8-10-11, the Boltzmann equation, Eq. A.2.4,

may be written as:

-1 if_" [~ > l -1 o 3 . . n _a_f_°
a@® " 55 ' E-gEY -am)T TExE - €W
-1 ¥ 1, 3f°
+ @) T(E-E) VE - V()
=GV @ AE (A.2.12)

Now note that the total electric field which acts on a species of charge
carrier is given by

= - Vb
where ¢ is the total electrostatic potential (volts). It is assumed that §
is a d.c. magnetic field. Hence, the first term of Eq. A.2.12 can be
written as:

of°

..1 of ~ . -
- &) 5E VE Vi

Here, u o= (q¢ + EF) is the nonequilibrium electrochemical potential of the
charge carrier species. Recalling that

ve w7l Ve (A.2.2)
and using the above result, the Boltzmann equation, Eq. A.2.12, becomes:

> - > 1
- veVu + T(E—EF)V v( T )

L4
v

- q Vv x B (CW) = CVev (A.2.13)

-]
where the common factor of 24 has been cancelled out. This equation holds

oE
on every surface of constant charge carrier energy in reciprocal space.
The quantity:

- 1, .=
Yu - T(E-Ep) V(T) =P (A.2.14)
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is a vector which is constant in magnitude and direction over a surface of

constant energy. Recall, also, the vector identity

-¢=%-8x¢

Hence, the Boltzmann equation can be written as:

-

A x

=y

v P -qv.Bx@WH =998 (A.2.15)
or
veP+qBx@MH+Vv-8 =0 (A.2.16)

Since 3 and G are constant on a surface of constant energy — as also is v
because of the assumed form of the relaxation time (Eq. A.2.9 and following),
the bracketed quantity in Eq. A.2.16 is a constant vector over a constant
energy surface in reciprocal space. Since ; can vary both in direction and
magnitude over a constant energy surface, the bracketed term must be
identically zero.
P+qBx @M +V-8=0 (A.2.17)

The problem of obtaining the perturbed distribution function has been
reduced to solving this equation for ¢. Before continuing with the solution,
it is useful to collect the major assumptions and approximations which have
been used to produce Eq. A.2.17. These are:

1. The classical Boltzmann equation adequately describes the electronic

conduction processes.

2. The perturbed distribution function has the form of Eq. A.2.5.

3. A tensor relaxation time exists. Its elements are functions of

energy only.

4, The energy band extremum responsible for the conduction phenomena

can be described as a general ellipsoid in reciprocal space - Eq. A.2.6.
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5. Both the effective mass and the relaxation time tensors are
diagonal in the same coordinate system. This coordinate system is
taken to coincide with the principle axes of the effective mass
ellipsoid.

6. The Boltzmann equation has been linearized. As written in the
forms of Eq. A.2.15 or 16, the Boltzmann equation contains the
electric field, Z, and thermal gradient, VT, to the first power only.

A.2.2 SOLUTION OF THE BOLTZMANN EQUATION IN THE LIMIT OF LOW MAGNETIC

FIELD STRENGTHS

For very small E, the second term of Eq. A.2.17 may be neglected.

Hence, to zeroth order in magnetic field strength:

B+%.20 L

or

5(0) -

-4

A better approximation to the actual value of ¢ can be obtained by using

the above result in Eq. A.2.17:

-

P+q§x (6(0)3) +‘\-).‘ 6(1) = (0
or:

ACNE N S < S CACUR 5

o~ >

+q (B x BTW]

-~>
T

a- 17

Continuing this iteration for one more step:

=82 L 234+ q %8 x BT

—qz?' {gx [(?'ﬁ) . (ﬁx[

>
Do

W1}

(A.2.18)
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A.2.3 MACROSCOPIC TRANSPORT COEFFICIENTS FROM IRREVERSIBLE THERMODYNAMICS
(7

Callen has presented the basic notions and developments of
irreversible thermodynamics. In particular, his one dimensional dynamical
equations (equations 17.10, 11 and 12) can be directly generalized to three

dimensions as follows:

> 5 V(W 3 1.
- JN L1 T + L2 V(T) (A.2.19)
TSI € N Ry §
JQ L3 T + L4 V(T) (A.2.20)
with the Onsager relations:

o ., o

L1 (+B) = L1 (-B)

< s =D

L, (+8) =L, (~B) (A.2.21)
o ,,2 o

L2 (+8) = L3 (-B)

In the above:
= agbsolute temperature — °K

= matter flux—particles/mz-sec.

o I

N
3 2
JQ = heat flux - joules/m -sec.
u = electrochemical potential of transport
species - joules.
A_.B(T) 4__6
L1 = transpose of matrix Ll’ etc.
— L. A b b
L;, L;, Lg and LZ are second rank tensors which characterize the dynamics of

the physical system under consideration. These tensors are generally functions
of the intensive parameters of the physical system, such as temperature, T,

and applied magnetic field, B.
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It should also be noted that Eqs. A.2.19 and A.2.20 are only linear

approximations to the dynamical response of the physical system to applied

"forces". For small gradients of electrochemical potential, 1, and tem-

perature, T, the linear approximation will be adequate, especially if the

physical system is chemically homogeneous in equilibrium.

Finally, note

that the Boltzmann equation has been solved in a linear approximation to

the effects of V(1) and V(T) - (Eqs. A.2.10, 11-17).
The electric current is just:
7 J
E- 94N
where q=- 1.601 x 10_19 coulomb for electrons
=+ 1.601 x 10~ coulomb for holes.

Hence, Eqs. A.2.19 and 20 can be rewritten as:

qzta - a~N
-3 = L, gt ° ., gk
=g 9B v 1) - @
b
q Lo - -
- 3. . o, 1.
o= v + 1} - v
Defining:
L=t s L=al,
Ly=7 L33 L,=1L,

The above equations become:

L

-— ¥ ﬂ“ L i L] l
JE L1 V(q) + 2 V(T)

-3 -A_L . i - . l
JQ L3 V(q) + L4 V(T)

where now, because of the Onsager relations on the original L

(Eq. A.2.21):

- A

—- O

“°
L,

(A.2.22)

(A.2.23)

(A.2.24)

(A.2.25)

(A.2.26)

, etc.
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an . = (T)
Ll (+B) L1 (-B)

PP - A_A(T)
L4(+B) Ll& (-B) (A.2.27)

TR P G §
L2 (+B) T L3 (-B)

The reason for casting the macroscopic dynamical equations in the form

s Aea LA -
L

of Eqs. A.2.25 and 26 is that the coefficients Ll’ L2, L3 and 4 can be

immediately identified from the corresponding equations which will be cal-
culated using microscopic transport theory. Anticipating this calculation,
which appears as Section A.2.4, more familiar and useful tensor quantities

L .

will be interpreted in terms of Ll’ L2’ L3 and 4

To this end:

I. Set V(T) = 0,

Then:
- = . T
:fE L1 v (-‘iq )
but

N =V¢=-¢
R leab dORRIE RN

since V(T) = 0 and the conduction medium is assumed to be chemically homogeneous

in equilibrium.

Hence
3 =1, +7¢
E- 1 ¢
or
o =L (A.2.28)

-1
where 0 is the electrical conductivity tensor (ohmm) .

II. Set J. = 0, then:

- E P -
- L
oy L ey o2,
L1 V(q) L2 V(T) + 2 v(T)

T
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Defining the absolute thermoelectric power of a medium by:

V(j;*) = - ¢ =-q * Y(T) (A.2.29)

it is seen that:
4—&_1 P
s =__(L1) L,
T2
A—.b.__l -

where (Ll) is the inverse temsor to Ll' Thus:

- | volts

where'3~is the electrical resistivity tensor which is the inverse to 0.

III. Set 3E = 0 but 3Q and V(T) # 0, then:
-t A D

but
36 N 9(T) (A.2.31)

Hence, the thermal conductivity (under the usual open circuit electrical

conditions) is:
] =+ 4 «> ax  watts
ko= ( 4" L3 p L2) (nr°K ) (A.2.32)

If the thermal conductivity is measured in the absence of a magnetic field,

then:
-— «a L *p°L
< (Be0) = 35 @, - L) @l (4.2.33)
T
since

Ly (B=0) = T L,

which is inferred by the Onsager reciprocity conditions (see Eqs. A.2.27).
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The original (and correct) statement of Onsager reciprocity requires

that:

-
a.hb

o(+8) = o'T) (=)

a o Y (A.2.34)
c(+B) =« (=)

and imposes no symmetry relations on the thermoelectric power tensor when
considered by itself.

The important results of this section are presented below. The
results are stated in index notation. The Einstein summation convention
of summing over repeated indicies (i = 1 to 3) is observed.

Electrical conductivity:

: . -1 )
Oij(B) = (D(B))ij = (LI(B))ij (A.2.35)

Thermoelectric power:

, .
aij(B) = T—Z- (o(B))ik (LZ(B))kj (A.2.36)

when B = 0

aij =5 Pix (L2)kj (A.2.37)
T

Thermal conductivity:

]

< B = L5 1@, )
T (A.2.38)

13 = T3y GO, @6

23
when B = (

1 1
1372 (@) = T Prp Ty () gy (A.2.39)
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A.2.4 CALCULATION OF THE MACROSCOPIC TRANSPORT COEFFICIENTS FROM ELECTRONIC
TRANSPORT THEORY

The net electrical conduction current density for a single species of

charge carriers (holes or electrons) is simply:

* - > > > >
Jp=q 3N —‘*—3 J v £(K,T)dk
4 BZ

or

. J v g(®)dk (A.2.40)

E 3
477 Tpe
> > > >
where f(k,r) = £f°(kk,r) + g, the subscript BZ indicates integration over the

first Brillouin zone and, referring to Eq. A.2.5:

g=-¢ a7tV E -3 (A.2.41)

The solution for ¢ has been given as Eq. A.2.18.

Following Callen(s) and Nye(g), the thermal current density can be
written as:
> > - >
JQ = JU - ¥ JN (A.2.42)
Here:
jﬁ = the total energy current density: 1%2125
m -sec
o= EF’ the equilibrium electrochemical potential:joules
j = particle current density: L
m -sec
Now:
i o= -t Evg(k)dk
U 3
4
BZ
and

23 - -F [ Te@)
B2
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Hence,
3Q = -4—"—3 J (B-Ep)V g(K)dk (A.2.43)
BZ

Now consider the form of g(ﬁ):

-+ +> + Jf°
g(k) = - Gev °F

and from Eq. A.2.18:

a-T - PeqgT -Bx@-7T-M

—a% - B @ - @ BTN (A.2.18)

By definition:

S TR 1
P =q () - T(E-E) V(p) (A.2.14)

Thus, it is seen that g(ﬁ) and, therefore, 3E and 36 each can be split up
into two terms. One term depends on V(n/q) and the other on V(1/T).

In the experimental portion of this work, no thermal measurements were
made in an applied magnetic field. Hence, only the zero magnetic field
terms will be developed in the explicitly temperature gradient dependent

integrals contained in 3ﬁ and 3Q'

Before continuing, define:

P 0 0
1
- - - T22
B=1T W = 0 — 0 (A.2.44)
2
T
o o 2
3

Note that 8, Equation A.2.44, is essentially the inverse of B8,

Equation 5.19.
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Then
E=-TP+aT B xR T EE -Bx? - DI} (A.2.45)

When expressed in index notation:

(-]
g) = - € - \7%§
of°
Yh'hy Py 3E
- v, T B,P ¢
9 Y Thekam BefiEim 3E
2
+ q thhpepnanﬁfkeklmBlpjﬁ n (A.2.46)
where, once again, the Einstein summation convention is used. Thk and ﬁhk
are elements of diagonal matricies. Finally, €k om is the permutation
symbol which is defined as:
€123 7 €231 T €312 =t 1
€313 = €391 = €132 =~ 1 (A.2.47)
and €rom 0 whenever two or more indicies are the same.
In the same notation:
P.=q v - rE-E) v, (A.2.48)
3 Jq 3T

where Vj is the jth component of the real space gradient operator, V.

Using these developments, the electrical and heat current densities become:
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U, =% f v, gk
4w

BZ
= —Lz J Jf° & v (.E)
an3 Vih'hy E j 'q
W BZ
> A 2ly &
'43 ihhkklm!.jm 3E j()
L
BZ
a* Af° o> i
+ 41'3 I Vi'%h hp pnan'B'fkekZ ‘B‘ 3E dk vj (q)
BZ
. f° - 1,
. a3 I T(E-Ep) v;vyThy 5 & |9 @
BZ (A.2.49)
And ;
1 Py
Uy = o3 I (E-Ep) v; g(k)dk
T pz
R Af° am
an3 J (E-Ep) viv Ty 38 &)Yy @
BZ
1 Af° 1,
- 4‘"3 I T(E—EF) vithhj 5E dk Vj (T)
BZ (A.2.50)

From Eqs. A.2.25 and A.2.28:

1

QP =0y B vj( )+ (L), 7y @ (A.2.51)
1
By = gy, j( )+ Ly Yy @ (A.2.52)
As already mentioned, the magnetic field dependences of‘f;,‘L—; and-‘f; will

not be considered. This is because only the magnetic field dependence of

oij (=(L1)ij) enters into the experimental body of this work.
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Examing Eqs. A.2.49-50, it is immediately seen that:

- 9 _ Af° o
(Lz)ij . 3 J T(E EF)vivhrhj g I
T
BZ
[ °
a_ _ £° >
Ly R E-E)viv Ty 38 K
™ Bz

(L,) - — r T(E~- )2v v, T af°
413 R Ee) Vih™hy BE
T 'pz

Notice that (L

L2 and L3 which are diagonal in this model.

Finally writing:

_ °
0y(B) = 0y *+ 0y B+ 0y BBy
it is seen that:
2 o
o .. 4 af" =
%3 an3 f Vi'h"hj 3E
BZ
3 o
- 4 S 2
%% §k N J. ViVhThe€knfym 38
m
BZ
and finally:
.= { Spkfnim * fpafnkm |
ijke = 3 2

BZ

It should be recalled that:
1. q=+ 1.601 x 10‘-19 coulomb for holes
q=- 1.601 x 1071 coulomb for electrons

2. ‘fkand‘E are diagonal tensors.

e

(A.2.53)

(A.2.54)

(A.2.55)

Z)ij = T(L3)ij which corresponds to Eq. A.2.27 for the matricies

(A.2.56)

(A.2.57)

(A.2.58)

vvi1 B_.B -?-g-odl‘;
i "h hp~fn—jm 9E

(A.2.59)
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A.2.5 ANALYTICAL EVALUATION OF THE TRANSPORT COEFFICIENTS

The integrals which express the transport coefficients (Eqs. A.2.53, 54,

55, 57, 58, and 59) now will be transformed into a form which is convenient

for numerical evaluation. The independent variable in these integrals will

be changed from E, a reciprocal lattice vector, to E, the energy of a hole

or electron. This transformation is easily made since:

1. E(E) is assumed to be a guadratic form in k.

2. The elements of the diagonal relaxation time tensor

are taken to be functions of energy only.
All of the integrals of interest can be expressed in the form:

of°

I ( of >
I = 4ﬂ3 | vivj SE F(E)dk
BZ

where F(E) is some function of energy. Now:

2 2 3
2 k k k
E@) = (2 2+ 3= 0t vl +i3hD
i B B
Here:
. &kl . ﬁkz . 6k3
k1 = = k2 B Jrm ; k3 o
/2m1 2m, 2m,
In this new orthogonal coordinate system in reciprocal space:
ok ok ok
g _ 1 2 3 ° ° °
dk diepdicydiey = 8k 3ky k] dkydieydky
= J8m1m2m3 dk@dkOdko
3 172773
A
Also:
[
v 1 9E 1 oE aki 1 A JE
= ¥ x ° z °
i A 9 i A Bki aki A /——zmi aki
v, = _— v, = 2_ o

(A.2.60)

(A.2.61)

(A.2.62)

(A.2.63)

(A.2.64)
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Thus:

Conrentrate on the integral. This can be written as:

epe £ g ’ af ds e«
| == F(E) dk = dE F(E -k k"
: i) oE (£ ! (&) JJ iYeg| 13
BZ o E=constant

where |[V'E{ is the absolute magnitude of the gradient of E with respect to

the new reciprocal space coordinates, k;.

[VEl= 2 /kiz + k;2 + k;Z = 2/E
Hence:
’.. R dfﬁ o - —1“ ;‘m ! -1/ 6fo ff :l . ’
f kikj b F(F)dk 5 ; dE(E) F(E) BE JJ ds ki‘j .
BZ o E=constant

The energy integral has been written with limits of zero to inifini.v,
This assumes that:
1. The reference level for energy (E=0) is taken at the
band edge.
2. The rermi-Dirac distribution function, r°, cuts off
the integral long before the energy band departs from
ellipsoidal form or beforé-bther bands begin to

contribute to the conduction processes.

Now, k7 and k® are orthogonal vectors if i # j. Thus: -

i i
o o 4m 2 e
i ds kikj 3B &,
Earons;ant
Thus:
i oo 9£° o 27 {7372 Bf” A .
F(E - A2,
j kikj 3E (E)dk 3 JO (E) F(E) 5 dE °1j L 65)

BZ
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Finally
V8 mom,m, ¢ °
1 = 2 17273 i I re) (Y23 (A.2.66)
3 2.3 m
27" A i o

The concentration of charge carriers - holes or electrons - is:

V8 m m,
n orp = —-2_12-'§—— r fo(E) /E dE per (m)3 (A.2o67)
21 A o

In passing, the expression above defines a density of states effective

mass as:
my = (mlmzm3 1/3 (A.2.68)
Combining Eqs. A.2.66 and 67 it is seen that
- . P
I m <F(E)> Gij (A.2.69)
where °
-2/3 Jm rey (82 &L ax
<F(E)> = o (A.2.70)
| @ @
o
Using these developments, it is seen that:
(LZ)ij : Eq. A.2.53 : F(E) = qT (E-EF)'rii
= - B - - - PaT
(Ly)y m <QT(E-Ep) Ty, > &4 m, <(E-Ep)T;;>8
(A.2.71)
(L3)ij : Eq. A.2.54 : F(E) = q (E-EF)Tii
= - E— - g~ m -
(Lg)y, m <q(E-Ep)1y;> 844 m, <(E-Ep)tyy> 84y
(A.2.72)
. - - 5 y2
(Lé)ij : Eq. A.2.55 : F(E) T(E EF) Ty
= - P~ 18-k )2 = 2L ((g-g )2
Ly m T(E-Ep) 145> 845 m, <(E-Ep) 144> 845

(A.2.73)
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And the electrical conductivities are:

and

% jk

The tenso

second rank tensors.

o and g ., o are the elements of higher rank tensors - ramk 3 and 4

1k

respectively.

g2, : Eq. A.2.57

e B2
%3 m < Ty

o : Eq. A.2.58

e B 3
%%k T Tm, 4 T4y
1 3

m,m

i)

944 T Eijk

Oijkz : Eq. A.2.59

F(E) = -

2
F(E) = - q Ty

2
8 =P < 56

ij m, ii” "ij

F(E) = q3Tii TP

“1x38y3”

<Tii1’jj>

o [Eikfef21 +

eilfefk{]

2 Ti1BeeByy

1"
rs Lz, L3,

€
[ ik fe fli, “10f fkiJ <1

11y 48eg”

The non zero elements are listed below.

oijk : From Eq. A.2.75
3
g = - = T
123 213 " mm, “11722
pa>_
9312 " 7 %132 " mm. 11733
1™3
3
0] = -~ g = T >
231 321 " mymy “T22733

%k ¢

From Eq. A.2.76

(A.2.74)

(A.2.75)

(A.2.76)

4 and‘;‘ all have simple forms - they are diagonal

Their elements will not be written out explicitly.

(A.2.77)
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X %3111 = 92222 = %3333 = O
2
<7 T..>
42T "33
] ‘1122 7 " P "
ny 03
Y St § U 7 1
1133 Pq 2 _
b )
2
<T T..>
22 "33
02211 - pq 2 (A.2.78)
m My
<T222’11>
o = - pqg —5——
2233 2
» M
2
<T T..>
. - - pgt 33 22
] 3311 2
3 M
<71 2‘[’ >
‘ 5 .4 331
- 3322 Pq 2
3 ™
e me wlo 6111722733
1212 1313 - %3237 2P "o mom

1273

A.2.6 TFORMULAS FOR THE INVERSION OF THE TRANSPORT COEFFICIENTS

Formulas for-t;(B=0), i;;(B=O),1EZ(B=O) and‘f;(B#O) =‘EYB#0) have been
developed in the previous section.

Formulas which express thermoelectric power, thermal conductivity, and
the electrical resistivities in terms of these quantities are given below.
The Einstein summation convention is used.

- Thermoelectric Power:

>
When B = 0O:

aij == p;k (L2)kj (A.2.36)
T
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Thermal Conductivity:

When ﬁ = Q:

. _1 .
13 T 2 (@55~ 7 Prg iy (L) gyl (A.2.38)

Since, by definition, the electrical resistivity tensor is the inverse
tensor to the electrical conductivity tensor:

@ = s, . (A.2.79)

->
o,, (B)p ik

1j ik

Using the low magnetic field approximations:

-*
o,,(B) =¢%, +0,, B +0 B B A.2.80
13®) = 953 * O3pBp * Ougap BeBp ¢ )
> [}
pjk(B) pjk + pjkmBm + pjkmn BmBn
in Eq. A.2.79 it is seen that:
[} [ =
%4 ik 81k
or
0%, = (a®)71 (A.2.81)
ij 1]
Furthermore:
=_° o .2,
plkp pli cijp pjk (a.2.82)
And:
=_° ° -]
Poacmn ™ 2 21 ®ip Prk [°iyn %prm T 1jm %prn!
(A.2.83)

-0%, P O
21 Pk %1jmn

A, 2.7 SUMMARY OF ANALYTICAL EXPRESSIONS FOR EXPERIMENTALLY MEASURED
TRANSPORT COEFFICIENTS

The results of the preceding two sections can be used to produce
analytical expressions for the electronic transport parameters which are

usually determined by experiment.
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The following results have been derived for a single energy band
extremum which has general ellipsoids for constant energy surfaces in
reciprocal space. The effective mass tensor is assumed to be diagonal
in the Cartesian coordinate system which is used. The relaxation time
is assumed to be a diagonal tensor in the same coordinate system. The
elements of the diagonal relaxation time tensor are assumed to be functions
of energy only. These functions of energy are not necessarily the same.
f° = £f°(E) is the Fermi-Dirac distribution function. Since p-type ZnSb
was the subject of this investigation, p denotes hole density in the

following and q = + 1.601 x 10~ coulomb.
i ® = oy
Recall that for some function of energy, F(E):

3/2 3f°
9E

f“f°(E) @® Y24
[0}

~2/3 I F(E) E dE
o

<F(E)> = (A.2.70)

The Einstein summation convention is not used in the following formulas.

Thermoelectric Power:

<(E-Ep)T,,>

1 volts
aij = Tq <> Gij - (A.2.84)
ii
Hole Conduction Thermal Conductivity:
P 2 <(E-EF)Tii>2 watts
Kij = I <(E-EF) Tii> - < > Gij K (A.2.85)
i ii
Lorentz Numbers:
K <(E- )21 > <(E-E_ )Tt >2
11 1 Ep) 144 P Tig
ij T q i1i <T1,,>
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B = 0 Electrical Resistivity:

m,

p;j = ‘~§—l——- 61j ohmmeter (A.2.87)
Pq <Tii>
Hall Coefficients:
<1 1T,,> 3
Dy = —g,, il 11 m (A.2.88)
ijk ijk pq <1,,><1,,> coulomb
ii J3
Magnetoresistance Coefficients:
Pii1g 0 (A.2.89)
2 2
. DU TR SR T ohm-m°
iijj P 2 2 2
nk <Tii> <Tii> <Tkk> weber

. S W I T A T SR T AR L
ijij mek <rii> <1jj> <1ii><1jj><1kk'

The Einstein summation convention is not used in the above formulas.

Unless required by the Kronecker delta, i # j # k and can be assigned

840

according to any of the six permutations of 1, 2 and 3.
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APPENDIX 3

LONGITUDINAL MAGNETORESISTANCE OF AN
ENERGY BAND OF GENERAL ELLIPSOIDAL FORM

A.3.1 CALCULATION OF THE MAGNETORESISTANCE

The geometry of interest is shown below in Figure A.3.1.
A 3
3, 8
direction cosines
(Y5 Yps Yq)

—p— 2

1

Fig. A.3.1 Off Axis Longitudinal Magnetoresistance Geometry

The electric current\density and magnetic field density vectors are assumed
to be parallel (longitudinal magnetoresistance) and directed in a general
orientation with respect to the 1, 2 and 3 axes. The direction cosines of
this arbitrary orientation with respect to the 1, 2 and 3 axes are denoted
by Yl’ y2 and y3 respectively.
Thus, the electric current density and the magnetic field density have
the components:
3. 3= 3vps 3y = Jyys Iy = Iy, (A.3.1)
-
B: Bl = Byl; B2 = Byz; B3 = By3 (A.3.2)
Let B = 0, then since the ellipsoid is being referenced to its principal
coordinate system:
= ° . = ° . =
E) = Jvp Pyys By = vy ppp5 By = Iy,

°
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These components may be combined to give the resultant electric field:

2 2 2
- E° = J(v] °;1 + Y, pyy + Y3 034) (A.3.4)

When B # O; the results of Appendix 1 may be used to write:

- . 2.2 2.2 2.2
E; = Jvy(pyy *Pp101 NP F Pr10p YoBT * P43 V3BT

2
+ Iy, (P13 Y3B + 201915 V3Y5B0)

2
+ Jv3(p 35 VB + 204,45 Y;Y4B0) (A.3.5)
Similarly:
] . 2.2 2.2 2.2
Ey = Jvy(Pyy + Pyyay YoB™ + Pogpy Y1B™ + 05533 Y4BY)

2
+ Jv3(py3; 4B + 205355 Y,Y4B7)

2 .
+ JY1(°213 Y3B + 2p2121 YIYZB ) (A.3.6)

And finally:

) . 2.2 2.2 2.2
Ey = Jy3(p33 + P3333 Y3B™ + P339y Y5BT + 034y, ViBD)

2
+ v (P3yp YoB + 203549 Y1Y5B0)

+ v, 82) (A.3.7)

(P31 MB + 2P3337 YaY3
For a general ellipsoid, the on-axis longitudinal magnetoresistances are zero.
Hence

P1111 = 2222 " P3333 = O (A.3.8)

Also, the total electric field, with B # 0 is given by:
- E = Y E1 + Y, E2 + Y, E3 (A.3.9)

And the change in the longitudinal electric field which is caused by the
application of the magnetic field is:

AE = E-E° (A.3.10)
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Inserting Equations A.3.4, 5, 6, 7, 8 and 9 into Equation A.3.10 yields:

AE - E-E°
82 82
(o +p + 4o )7272
1122 ¥ P01 1212”12
2 2
(P33 F P33 * 4Py9190 Y13
. 2 2

(Py333 + P339 + 4P3393) Y53
The Hall effect terms do not appear in the above since pijk = - pjik and they

cancel in pairs. Also, terms of the form pijij and p have, been combined

jigd

since they are equal.

From Equations A.2.89 it is seen that:

P13y ~ p1 s Tklz(> R e e (A.3.12)
nlk <‘t11> <‘tii> <Tkk>
and ‘
Po | 7417 7y T117%7937 kK

In Equations A.3.12 and 13, i, j, k range over 1, 2, 3 and i # j # k. Hence,
it is seen that for relaxation times of the forms (refer to Chapter 5):
(C). A scalar function of energy:
T = F(E) (A.3.14)
(D). A tensor with a factorable energy dependence - the tensor
being diagonal in the same coordinate system as the effective

mass:

1
T = 0 t, O F(E) (A.3.15)
0
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the longitudinal magnetoresistance of a general ellipsoid valence band
vanishes regardless of the direction of the electric current density vector.
As an example of the use of Equations A.3.12 and A.3.13 to obtain this result,
the second term on the right hand side of Equation A.3.11 will be

explicitly evaluated for a relaxation of the form "D" (Equation A.3.15 above):

> - T2 <F(E)3> _ <F§E)2>2
1133 pm, <F(E)>2 <F(E)>3

P3311 T P1133

and
-t [
. I T I X0 SO ¢
1313 © 2pm, | g2 <F(5)>3

And the claimed result, = 0, is true.

(P1133 * P3311 * 4P1313)
The bulk of the experimental results, namely the isotropic thermoelectric
power (Section 4.3.2), the isotropic Hall coefficients (Section 4.5), and the
observed numerical symmetry in the magnetoresistance coefficients, all imply
that the relaxation time is of form '"C" or '"D" (Equations A.3.14 and 15,
above). Thus, it is not surprising that a nearly zero longitudinal magneto-
resistance was observed on the three off-axis samples investigated (Section

4.7.3.2 and Figures 4.29 and 4.30).

A.3.2 ESTIMATION OF THE NUMERICAL MAGNITUDES OF THE PLANAR HALL COEFFICIENTS

Using the above results, it is seen that

“201512 = P1122 T P11 (A.3.16)
“201313 < Pr133 < P (A.3.17)
“209323 = P2233 = P33 (A.3.18)

Using the experimental results of Table 4.5 and Section 4.7.3.2, it is
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seen that for:

Eq. A.3.16: + 170 = 200 = 200
and for:

Eq. A.3.17: + 48 = 74 = 90
The experimentally determined results for Equation A.3.17 are seen to ;ontain
quite a bit of experimental error. This is within the + 25% probable error

assigned to the plane Hall coefficients and the + 10Z probable error assigned

to the other magnetoresistance coefficients.

Using the results of Table 4.5, Pyqp3 CaN be estimated as:

% (130) = - 65 x 10”2 —<hm-cm

o
2323 (kilogauss)2

This estimate has been included in Table 4.5

oW

' %:
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